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SECTION  1 

INTRODUCTION  AND  BACKGROUND 


1.1  CONTRACT  OVERVIEW 

Contract  F196228-81-C-0026,  a  new  Beam  Controller  for  Phased  Array  Radars, 
was  initiated  at  Georgia  Institute  of  Technology  on  approximately  10  December  1980. 
The  contractual  agreement  period  was  from  10  October  1980  to  10  February  1982.  This 
contract  was  intiated  with  Electromagnetic  Sciences  Division,  RADC,  Hanscom  AFB,  MA 
01732  through  an  unsolicited  proposal  submitted  by  the  Radar  and  Instrumentation 
Laboratory  of  the  Engineering  Experiment  Station  of  Georgia  Institute  of  Technology. 

The  general  objectives  of  this  project  were: 

(1)  Design  a  laboratory  demonstration  of  a  phase  shifter  using  optical  fibers  as 
the  delay  mechanisms. 

(2)  Perform  analyses  of  the  laboratory  demonstration  phase  shifter. 

(3)  Test  the  laboratory  demonstration  phase  shifter  for  losses,  dynamic  range, 
phase  shifter  accuracy,  etc. 

These  objectives  were  achieved  through  the  execution  of  these  four  tasks: 

(1)  Literature  Search  -  Develop  the  background  data  for  components  and 
techniques. 

(2)  Design  Phase  -  Design  of  a  laboratory  demonstration  model  of  an  active  phase 
shifter  consisting  of  optical  switches  and  fiber  optics  delay  lines. 

(3)  Construction  Phase  -  Construct  an  optical  source,  the  phase  shifter  device, 
and  the  necessary  support  devices. 

(4)  Test  and  Evaluation  Phase  -  Evaulate  the  performance  of  the  laboratory 
demonstration  phase  shifter. 

These  four  tasks  were  executed  with  the  changes  that  normally  occur  in  a 
research  project  and  the  results  are  reported  in  this  Final  Report. 

1.2  REVIEW  OF  THE  HISTORY  OF  FIBER  OPTICS 

It  has  been  known  for  approximately  two  centuries  that  total  internal  reflection  of 
light  can  occur  at  the  interface  between  "transparent*  substances  when  the  light 
approaches  the  interface  through  the  substance  with  the  higher  index  of  refraction.  The 
necessary  condition  is  that  the  angle  of  incidence  be  above  a  certain  critical  angle  which 
marks  the  boundary  between  light  transmission  and  light  reflection. 


Although  this  effect  was  well  explored  and  well  explained  by  science,  it  had  not 
been  exploited  on  a  large  scale  up  to  the  decade  of  I960.  In  this  decade,  it  was  suggested 
that  this  effect  could  be  used  to  construct  optical  waveguides. 

By  the  late  1960's  and  early  1970's  optical  waveguides  had  evolved  as  practical 
structures  for  special  purposes,  but  their  losses  were  still  too  large  for  many 
applications.  In  the  middle  1970's,  the  fiber  losses  dropped  to  mininums  of  approximately 
l  do  per  kilometer.  With  this  event,  the  restrictions  on  wide  use  of  fiber  optics  shifted 
to  detectors,  sources,  connectors,  and  skilled  manpower.  The  detector  and  source 
restrictions  were  adequately  solved  in  the  late  1970's.  The  connector  restrictions  were 
only  partially  solved,  but  the  solutions  are  adequate  for  many  applications. 

At  the  beginning  of  the  i960  decade,  the  prime  restrictions  on  the  use  of  fiber 
optics  are  the  cost  of  components  and  the  absence  of  a  large  pool  of  skilled  manpower. 
For  many  applications,  the  economic  advantage  of  fiber  optics  will  ensure  its  use.  This  is 
especially  true  in  the  area  of  long  distance  broadband  communications.  This  single 
industry  mass  user  will  invest  sufficient  research  and  capital  to  ensure  that  the 
economies  of  large  scale  use  will  apply  to  the  fiber  optics  technology.  On  this 
communications  industry  technology  base,  a  large  number  of  industrial  and  military  uses, 
will  be  engineered.  One  such  potential  use  (Fiber  Optics  as  Phasing  Devices)  is  the 
subject  of  this  report  and  it  is  summarized  in  the  next  paragraph. 

1 .3  FIBFK  OPTICS  AS  A  MfcTHOO  OF  PHASE  SHIFTING 

Tne  time  delay  in  an  optical  fiber  is  approximately  0.66  nanosecond  per  foot  of 
fiber.  Thus  a  delay  accuracy  of  one  picosecond  requires  the  fiber  to  be  cut  to  a  length 
accuracy  of  0.00066  feet,  or  7  parts  in  10,000.  This  is  a  precise  manufacturing 
requirement,  but  it  is  an  achievable  requirement.  Time  delay  accuracies  of  a  few 
picoseconds  can  be  routinely  produced,  given  that  the  proper  production  tools  and 
equipment  are  available.  A  one  gigahertz  signal  has  an  in-filter  wavelength  of 
approximately  0.66  feet  and  can,  therefore,  be  delayed  with  an  accuracy  of  a  thousandth 
of  its  wavelength. 

The  optical  fibers  have  a  bandwidth-length  potential  from  a  few  kiiohertz-km  to, 
perhaps,  100  gigahertz-kilometer  depending  on  the  type  of  fiber  optics  employed  and  the 
care  exercised  in  production.  The  common  graded  index  fibers  have  bandwidth-length 
products  in  excess  of  500  megahertz-kilometer. 
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The  objective  of  the  research  documented  in  this  report  was  to  determine  if  the 
accurate  time  delay  and  the  broad  bandwidth  of  fiber  optics  could  be  exploited  to 
construct  a  time  delay  phasing  device  for  a  microwave  antenna.  Time  delay  phasing  of 
microwave  antennas  is  highly  desirable  because  there  is  no  coupling  between  the  signal 
*  bandwidth  and  the  antenna  beam  angle  for  a  time  delay  antenna.  This  enables  radiation 

of  broad  bandwidth  signals  necessary  for  close  range  resolution  at  precise  angles  from  a 
t  phased  array  microwave  antenna. 
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SECTION  2 

TECHNOLOGY  SURVEY 


In  this  section  the  components  available  for  a  fiber  optics  system  will  be 
surveyed.  These  components  will  be  surveyed  for  their  engineering  characteristics  with 
limited  discussion  of  the  underlying  physics.  The  components  which  will  be  surveyed  are: 
(1)  Optical  Fibers,  (2)  Light  Emitters,  (3)  Light  Detectors,  (4)  Optical  Switches, 
(>)  Optical  Couplers,  and  (6)  Optical  Connectors.  In  addition  to  the  component  survey,  a 
subsection  on  laboratory  practices  with  fiber  optics  components  is  included.  This 
subsection  discusses  the  experence  gained  on  this  project  in  working  fiber  optics  and  its 
supporting  equipments. 

2.1  OPTICAL  FIBERS 

Optical  fibers  are  constructed  in  three  different  configurations  as  shown  in  Figure 

2.1  (Reference  1).  These  configurations  are  (1)  Single  Mode,  (2)  Graded  Index  Multimode, 
and  (3)  Step  Index  Multimode.  The  typical  dimensions  for  these  fibers  are  shown  in 
Figure  2.2  (Reference  1).  The  primary  functional  difference  between  these  fibers  is  in 
the  signal  bandwidths  that  they  can  transmit.  This  varies  from  gigahertz-kilometer  for 
the  monomode  fiber  to  200  megahertz-kilometer  for  the  step  index  multimode  fiber.  The 
mechanisms  that  limit  the  bandwidth  are  (1)  modal  dispersion,  (2)  wavelength  dispersion, 
(3)  and  index  profile  errors  due  to  preform  fabrication.  These  mechanisms  are  functions 
of  the  fiber  length. 


2.1.1  MODAL  DISPERSION 

Modal  dispersion  arises  from  the  variation  in  the  propagation  time  of  the  multiple 
modes  in  multimode  fibers.  The  simplest  modes  are  those  in  a  step  index  fiber.  The  step 
index  fiber  allows  energy  to  propagate  at  only  certain  discrete  angles  relative  to  the 
fiber  longitudinal  axis.  These  angles  or  modes  occur  because  they  satisfy  the  boundary 
conditions  for  reflection  at  the  core  to  cladding  interface  and  interfere  constructively  in 
the  body  of  the  core.  For  angles  at  which  energy  does  not  propagate,  the  signals 
interfere  destructively  in  the  core  or  do  not  reflect  at  the  core  to  cladding  boundary.  If 
b  is  the  acute  angle  between  the  longitudinal  axis  of  the  fiber  and  the  ray  path  at  a 
constructive  interference  angle  (i.e.,  guided  mode),  then  the  path  length  for  this  mode  is: 
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Optical  fiber  configurations. 


(1) 


Path  length  =  axial  length/  cos  6 
PL  —  AL/  cos  0 

The  time  delay  (TO)  over  the  path  length  is  given  by: 

TO  =  PL/CN 

v  TO  =  AL/  (cos  0  )  CN 

C  =  Speed  of  light  in  vacuum 
N  =  index  of  refraction 

Therefore,  the  modal  delay  through  the  fiber  is  a  function  of  the  ray  path  angle 
(mode)  within  the  fiber. 

The  discussion  above  is  adequate  for  the  modal  delay  in  the  step  index  fiber,  but  a 
more  complicated  analysis  is  required  for  the  graded  index  fiber.  This  analysis  is  carried 
through  in  Yariv  (Reference  2)  for  a  parabolic  index  of  refraction.  The  essence  of  the 
argument  is:  Those  rays/modes  that  spend  a  large  amount  of  time  away  from  the 
longitudinal  axis  have  the  longest  paths  and  they  also  spend  more  time  where  the  index  of 
refraction  is  low.  These  two  effects  oppose  each  other  and  approximately  cancel  each 
other.  This  extends  the  bandwidth  of  the  graded  index  fiber  beyond  several  gigahertz- 
kilometer  versus  the  200  megahertz-kilometer  limit  for  the  step  index  optical  fiber. 


2.1.2  WAVELENGTH  DISPERSION 

Wavelength  or  material  dispersion  is  a  second  source  of  dispersion  in  an  optical 
fiber.  It  is  caused  by  the  change  of  the  index  of  refraction  with  the  optical  wavelength. 
If  a  wavepacket  of  wave  interval  (X  -  AX)  to  (  X  ♦  AX)  is  injected  into  the  fiber, 
the  extreme  wavelengths  will  travel  at  different  velocities  and  there  will  be  a  near  linear 
variation  in  velocity  across  the  wavelengths  of  the  wavepacket.  The  net  effect  is  to 
disperse  the  injected  wavepacket. 

The  wavelength  dispersion  for  the  components  of  this  experiment  was 
approximately  ten  picoseconds.  This  number  is  based  on:  (1)  a  fiber  dispersion 
coefficient  of  100  picosecond  per  kilometer  per  nanometer  of  source  width  (psAm/nm), 
(2)  an  Injection  Laser  Diode  (ILD)  spectral  width  of  1  nm,  and  (3)  an  optical  fiber  length 
of  100  meters  (i.e.,  100  psAm/nm  X  1  nm  X  km  *  10  ps).  The  wavelength  dispersion 
is  dominant.  Therefore,  the  combined  wavelength  dispersion  and  the  modal  dispersion 
were  approximately  10  picoseconds  for  the  equipment  of  this  project. 
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2.1.3  OPTICAL  FIBER  LOSSES 


The  achieved  losses  in  optical  fibers  for  the  decades  of  1960  and  1970  are  shown  in 
Figure  2.3  (Reference  1).  The  rapid  progress  from  1000  d&Am  in  the  mid  1960s  to  the 
I960  value  of  1  dB/km  was  achieved  by  the  telecommunications  industry's  research 
efforts  at  both  the  fundamental  level  and  the  manufacturing  level.  The  primary 
requirement  is  to  maintain  the  contaminants  in  the  feed  chemicals  at  levels  of  a  few 
parts  per  million.  One  of  the  key  contaminants  is  water,  because  the  OH'  radical  is  a 
strong  absorber  in  the  infrared  region  of  the  spectrum. 

The  loss  curve  for  a  low  loss  silica  graded  index  multimode  fiber  is  shown  in 
Figure  2.4  (Reference  1).  Because  the  sources  and  detectors  were  first  available  at  0.8 
to  0.9  micrometers,  the  first  generation  fiber  optic  systems  were  developed  at  these 
wavelengths.  The  2  to  3  dB  loss  per  kilometer  in  the  0.8  to  0.9  wavelength  interval 
decreases  to  near  1  dB  per  kilometer  near  1.2,  1.3,  and  13  pm  micrometers.  The  1.3 
and  13  wavelengths  are  also  near  a  dispersion  minimum.  The  telecommunications 
industry  is  actively  researching  these  wavelength  regions  for  use  in  long-haul 
communication  channels.  The  use  of  longer  wavelengths  to  exploit  the  advantages  of  low 
fiber  loss  and  dispersion  will  require  a  change  in  optical  detector-technology.  Many  of 
the  detectors  currently  available  are  based  upon  Silicon.  However,  Silicon's  band  gap 
energy  is  not  appropriate  for  wavelengths  larger  than  approximately  1.1  micrometer  and, 
therefore,  a  technology  conversion  to  gallium  arsenide  appears  to  be  necessary.  Gallium 
arsenide  detectors  which  operate  at  these  higher  wavelengths  are  becoming 
commercially  available. 

2.1.4  OPTICAL  FIBER  SELEC  NON 

Based  on  early  analysis,  the  optical  fiber  selected  was  a  multimode  graded  index 
fiber  by  Galite*.  This  optical  fiber  has  a  bandwidth  of  8  GHz  for  the  100  meter  lengths 
required  by  this  project.  This  exceeds  the  bandwidth  of  the  ILO  signal  source  and  the 
Avalanche  Photodiode  (APD)  detector. 

2.13  OPTICAL  FIBER  USE 

Figure  23  illustrates  the  use  of  optical  fibers  in  a  digital  or  analog 
communications  system.  The  optical  signal  modulated  by  the  baseband  signal  is 
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2.3.  Progress  in  low  loss  fiber  fabrication 


Figure  2.5.  Basic  building  blocks  of  an  optical  fiber 
communication  system. 


transmitted  through  the  optical  fiber;  at  the  far  end  of  the  fiber  it  is  detected  by  an 
A  PD,  and  the  recovered  baseband  signal  is  amplified  or  regenerated  for  application  to 
downstream  equipment.  This  same  signal  path  architecture  was  used  for  this  project  and 
the  details  are  described  in  Section  3. 

2.2  LIGHT  £  MITT  t  R S 

There  are  many  possible  sources  of  light,  but  only  two  are  small  in  size  with  the 
ability  to  be  directly  modulated.  These  two  sources  are  the  light  emitting  diode  (LED) 
and  the  injection  laser  diode  (ILD).  These  devices  are;  (1)  both  results  of  solid  state 
technology,  (2)  both  based  on  gallium  arsenide  (GaAs)  techology,  (3)  both  diode 
structures,  and  (4)  both  dependent  on  electron  injection  for  light  generation.  Their 
characteristic  light  outputs  are,  however,  very  different. 

The  bandwidth  of  LED  light  is  spread,  relative  to  the  bandwidth  of  the  ILD  light. 
This  is  an  important  difference  for  wide  bandwidth  optical  fiber  systems  because  the 
dispersion  in  optical  fibers  is  wavelength/frequency  dependent. 

The  ILD  can  be  modulated  at  highe>  rates  than  the  LED  because  the  time  required 
for  an  electromagnetic  field  stimulated  emission  of  a  photon  is  less  than  the  time 
required  for  a  spontaneous  emission  of  a  photon. 

2.2.1  INJECTION  LASER  DIODE  (ILD) 

The  edge  emitting  semiconductor  injection  laser  diode  (ILD)  is  the  preferred 
optical  power  source  fur  optical  communication  systems  having  bandwidths  in  excess  of 
luu  MHz.  The  principle  advantages  of  the  ILD  are  the  smaller  emission  area,  higher 
radiance,  narrower  spectral  width,  and  higher  frequency  response. 

The  earliest  ILDs  were  Fabry-Perot  cavities  consisting  of  rectangular  GaAs  chips 
that  contained  a  P-N  junction  oriented  perpendicular  to  the  chips  cleaved  ends.  These 
cleaved  ends  acted  as  partial  mirrors  (Figure  2.6).  Light  is  generated  in  this  device  by 
the  injection  of  electrons  into  the  P-region  with  subsequent  radiative  recombinations  in 
the  active  region.  This  device  is  not  a  practical  laser  because  of  the  high  current 
densities  required  (>10*  A/cm^)  . 

The  hornojunction  laser  was  successively  replaced  by  single  heterojunction,  double 
hetero junction,  and  the  double  heterojunction  stripe  lasers  (Reference  3).  The  objectives 
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of  these  designs  were  to:  (1)  reduce  the  required  injection  current,  and  (2)  confine  the 
light  generation  to  a  well  defined  region  of  the  laser.  Concurrent  with  these  structural 
designs,  the  ILL)  manufacturing  processes  were  improved  to  increase  the  yield  and  the 
operational  life  of  these  devices.  The  resultant  two-dimensional  stripe  laser  exhibits  a 
laser  threshold  current  of  100  mA  or  less.  These  devices  exhibited  a  non-linear  response 
to  drive  current.  The  solution  to  the  non-linearity  problem  of  the  stripe,  or  lateral  light 
confinement  by  current  confining  techniques,  is  to  use  a  physical  waveguide  structure 
along  the  plane  of  the  P-N  junction.  The  replacement  of  the  gain  induced  lateral 
waveguide  by  the  physical  lateral  waveguide  leads  to  a  different  type  of  ILD  called  the 
buried-heterostructure  laser  (Figure  2.7). 

The  buried-heterostructure  ILD  is  the  laser  type  selected  for  this  project.  The 
device  has  proven  satisfactory  and,  therefore,  other  lasers  were  not  reviewed  in  any 
detail.  The  current-voltage  characteristics  and  the  light  output  versus  current 
characteristics  of  a  typical  ILD  are  shown  in  Figure  2.8.  The  prime  characteristic 
required  by  this  project  is  the  linearity  of  the  light  curve  relative  to  a  bias  point  of 
approximately  100  milliamperes.  This  linear  characteristic  and  the  bandwidth  of  the 
device  allows  phase  information  to  be  maintained  for  KF  modulations  of  several 
gigahertz. 

2.2.2  LIGHT  tMITTING  DIODk  (LtD) 

The  light  emitting  diode  is  an  inexpensive  and  reliable  source  of  noncoherent 
optical  power.  LtD's  are  classed  as  planar,  dome,  edge,  and  Burrus.  The  characteristics 
of  these  classes  are  compared  in  Tables  1  and  2  from  Reference  3. 

The  Burrus  diode  is  the  most  suitable  for  fiber  optic  communications  because  it 
allows  close  direct  coupling  between  the  light  emitting  volume  of  the  diode  and  an 
optical  fiber.  A  LtD  of  the  burrus  type  is  illustrated  in  Figure  2.9. 

Useful  commercial  LtD's  are  exemplified  mainly  by  GaAs  and  GaAIAs 
semiconductor  devices.  These  materials  meet  the  three  prerequisits  of:  (1)  photon- 
emitting  transition,  (2)  P-N  junction  formation  and  (3)  appropriate  bandgap  energy.  The 
photon-emitting  transition  is,  obviously,  fundamental.  The  P-N  junction  formation  is 
required  before  an  excited  electron  can  be  created  by  current  injection  and  swept  into 
the  P  region  for  recombination.  The  bandgap  energy  must  be  correct  for  the  generation 
of  wavelengths  in  the  low  loss  regions  of  optical  fibers.  These  low  loss  regions  exists  at 
several  "windows*  in  the  800  to  1600  nanometer  wavelength  interval. 
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Minimum  Optical  Power  -  2.5  mW 
Bias  Voltage  -  1.75  Volts 


N 


ACTIVE  REG  I  Or,' 


mum. 


TABLE  1 

COMPARISON  OF  THE  PRESENT  CHARACTERISTICS  OF  THE  MAJOR  CLASSES 

OF  LIGHT-EMITTING  DIODES 
(Reference  1) 


L  ED  type 


Characteristic 

Planar 

Dome 

Edge 

Burrus 

Active  area  (mm2) 

8-15 

6-12 

2-4 

0.01-0.05 

On-axis  radiance  at  100  mA 
(W/sr  cm2) 

0.2-0.5 

0. 2-0.5 

0.3-1 .0 

6-60 

Total  radiated  power 
at  100  mA  (mW) 

1-3 

2-4 

1-3 

0.5-10 

Power  coupled  into  single 
fiber  (  pW ) 

0.1-1.0 

0.5-5 

1-10 

30-300 

Half-power  emission  angle 
(degrees) 

±5 

*10 

t15 

*45 

External  quantum  efficiency  (%) 

1-5 

30-40 

1-5 

45-55 

The  advantages  and  disadvantages  of  these  classes  are  compared  in  Table  2. 
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TABLE  2 

COMPARISON  UF  THE  ADVANTAGES  AND  DISADVANTAGES  OF  THE  MAJOR 
CLASSES  OF  LIGHT-EMITTING  DIODES 
(Reference  1) 


LED  TYPE 

ADVANTAGES 

DISADVANTAGES 

Planar 

potentially  highest  bandwidth 
and  data  transfer  rate 

largest  emitting  area 
lowest  emission  radiance 

easy  fabrication  and  packaging 

smallest  coupled  power  into 
fiber 

Dome 

high  radiated  power 

difficult  fabrication 

well  suited  for  coupling  into 
bundles 

requires  parabolic  reflector 
for  improved  radiance 

easy  collection  and  focusing 
within  small  beam  angle 

small  packed  aperture  diameter 

Edge 

very  large  radiance 

well  suited  for  coupling  into 
bundles 

emission  from  side  rather 
than  top  of  device;  hence, 
difficult  packaging  approach 

smallest  packed  aperture 
diameter  of  the  low-radiance 
types 

requires  elliptical  reflector 
for  improved  radiance 

Burrus 

smallest  emission  erea 

unsuitable  for  fiber  bundles 

largest  half-power  emission 
angle 

double-heterojunction  struc¬ 
ture  requires  complex  fabri¬ 
cation  process 

high  current  density 

no  need  for  collimating  optics  or 
reflectors 

allows  mounting  in  stud  package 
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The  best  commercial  LtD's  have  an  upper  limit  frequency  response  of 
approximately  100  MHz.  This  frequency  response  is  inadequate  for  this  project  where  at 
least  a  1  GHz  frequency  responses  is  desired.  In  addition,  LED's  have  a  spectral  spread 
which  interacts  with  the  graded  index  multimode  fiber  to  produce  unacceptable 
dispersions.  For  those  reasons,  LED's  were  not  acceptable  in  the  experimental  phase 
shift  device. 


2.3  DE  f  ECTUKS 

The  purpose  of  the  optical  detector  is  to  output  an  electrical  current  which  is 
proportional  to  the  light  intensity  incident  on  the  active  region  of  the  detector.  The 
optical  detector  is  a  light-intensity  to  electrical-current  transducer. 

The  technology  bases  for  common  optical  detectors  are  silicon,  germanium,  and 
composite  material  (GaAs  and  GaAIAs).  The  silicon  optical  detector  dominates  in  the 
ttOO  to  1100  nanometer  spectral  region  because:  (1)  it  is  a  sensitive  detector  of  light  in 
this  region,  and  (2)  the  transistor  industry  created  a  mature  technology  based  on  silicon. 
Germanium  and  composite  materials  offer  more  sensitivity  than  silicon  above  1100 
nanometers.  It  is  judged  probable  that  composite  material  detectors  will  be  the 
preferred  technology  in  the  1100  to  1600  nanometer  spectral  region. 

The  following  two  subsections  discuss  the  positive-intrinsic-negative  (PIN)  diode 
and  the  avalanche  photodiode,  both  of  which  are  commonly  used  in  communications 
systems. 


2.3.1  PIN  DIODE 

A  schematic  of  a  PIN  (positive-intrinsic-negative)  diode  is  shown  in  Figure  2.10. 

The  step-by-step  general  description  of  the  functions  of  these  diodes  are: 

(1)  1  he  diode  is  back  biased  by  the  external  voltage. 

(2)  The  back  bias  creates  a  charge  carrier  depletion  region  in  the  *1*  region  of  the 
diode.  The  strength  of  the  *E*  field  across  the  depletion  region  is  dependent  on  the 
width  of  the  depletion  region  and  the  applied  voltage. 

(3)  On  a  statistical  basis,  the  light  photons  at  wavelength  X  produce  hole-electron 
pairs  in  the  *1*  region  provided  that  the  band  gap  energy  of  the  ‘I’  material  is 
matched  to  the  photon  energy  (E^  ■  h  c/\)  . 

(4)  The  *t‘  field  in  the  'I*  region  sweeps  the  holes  and  electrons  out  of  the  *1*  region 
toward  their  opposite  polarity  electrodes. 
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(5)  The  positive  and  negative  charge  accumulations  on  the  PIN  electrodes  induces  an 
equalizing  current  through  the  external  circuit. 

(b)  The  external  current  is  a  measure  of  the  light  intensity  applied  to  the  PIN. 

The  photodetector  bandwidth  should  be  approximately  2  GHz  to  support  the 
system  bandwidth  goal  of  1  GHz.  Adapting  material  from  Reference  4,  the  approximate 
rule  is  that  the  bandwidth  of  the  photodetector  is: 

BW  =  (1/3)  (1/Rise  Time)  =  (1/3)  (1/RT)  (3) 

The  required  photodiode  rise  time  is  approximately  10bps.  The  rise  time  of  a 
photodetector  is  controlled  by  the  width  (W)  of  the  depletion  region  (low  carrier 
concentration  region)  where  W  is  given  by: 


q  Ny 

e  *  dielectric  constant 

q  s  charge  of  electron 

Nj  =  electron  concentration  in  the  N  layer  of  the  PIN  structure 
=  applied  reverse  bias 

The  capacitance  of  the  diode  is  estimated  by  the  equation: 

C  =  e  A/W 

A  =  cross-sectional  area  of  the  diode 


(4) 


(5) 


The  resistance  of  the  diode  is  composed  of  the  bulk  resistance  of  the  N  layer  and 
the  spreading  resistance  of  the  P  region.  Commercially  available  photodiodes  are  highly 
doped  and  exhibit  equivalent  resistance  of  approximately  2  ohms.  Therefore,  the  typical 
load  resistance  (RL)  of  50  ohms  will  dominate  and  the  RC  time  constant  will  be: 
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The  other  rise  time  controlling  effect  is  the  diffusion  time  of  the  electrons 
through  the  depletion  region.  This  time  constant  is  given  by: 


s: 


TD  =  0.79  W/Vs 


(7) 


V  =s  electron  Saturation  velocity 


The  frequency  response  is  maximized  when  T^^  equals  Tq  or  the  total  rise  time 


t2  -  V-lRC*  =  2  V  -  2TRC2 


T  a  1.414  Tkc  =  1.414  T 


D 


T  a  1.11  W/V. 


(8) 


2.3.2  AVALANCHt  PHOTODIODE  (APD) 

The  mechanisms  for  current  generation  by  light  are  the  same  in  the  APD  and  the 
PiN.  The  bias  voltage  of  the  APD  is  greater  than  the  PIN  bias  voltage.  Electron-hole 
pairs  generated  by  the  incident  photons  are  accelerated  by  the  APD's  large  electric  field, 
and  additional  electron-hole  pairs  are  formed  by  impact  ionization.  The  direct  and  the 
impact  ionization  electron-hole  pairs  diffuse  to  the  electrodes  of  the  diode  and  induce 
the  electric  current  in  the  external  circuit.  A  gain  is  achieved  In  the  APD  by  the  impact 
ionization  process. 

Commercial  APD's  have:  (1)  bandwidths  to  5  GHz,  (2)  sensitivities  of  10  to  20 
amperes  of  electrical  current  output  per  watt  of  optical  energy  input,  and  (3)  a  thermo¬ 
electric  cooler  to  counter  the  APD's  sensitivity  to  temperature.  The  APD’s  impact 
ionization  voltage  is  adjusted  to  maintain  full  sensitivity  without  inducing  current  in  the 
absence  of  light.  Because  of  the  full  sensitivity  adjustment,  temperature  changes  and 
noise  spikes  could  cause  spontaneous  electron  excitation. 
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2.3.3  COMPARISON  BETWEEN  APO  AND  PIN  PHOTODIODES 

The  A  PD  is  more  sensitive  than  PIN  photodiodes  at  wavelengths  less  than  1000 
mn.  The  PIN  photodiode  is:  (1)  not  as  sensitive  to  temperature  changes,  (2)  easier  to 
package  .ind  implement,  and  (3)  generally  less  expensive.  The  cheapest  PIN  photodiodes 
are  $10.00;  highest  performance  APD's  cost  several  thousand  dollars.  The  bandwidth 
difference,  however,  is  roughly  equivalent  to  the  price  difference.  These  comparisons 
are  for  wavelengths  less  than  1000  nm.  Performance  differences  for  wavelengths  from 
1000  to  1600  nm  will  be  discussed  next. 

2.3.4  LONGER  WAVELENGTH  PERFORMANCE  AND  FUTURE  DEVELOPMENTS 
Longer  wavelength  fiber  optic  systems  are  more  attractive  for  communications 

systems  (Reference  1)  because:  (1)  fiber  loss  is  less  than  1  dB/km  at  1200  to  1600  nm  as 
opposed  to  2  to  3  dB/km  at  850  nm,  (2)  bandwidths  of  fibers  are  larger,  and  (3)  emitters 
have  longer  lifetimes. 

Silicon  detectors  bandgap  energy  limits  them  to  wavelengths  below  1100  nm. 
Germanium  APD's  have  been  used  at  the  longer  wavelengths,  however,  these  APD's 
exhibit  high  shot  noise.  New  compounds  of  indium,  gallium,  arsenic,  and  phosphorus  are 
being  used  to  develop  better  long  wavelength  detectors.  PIN  photodiodes  are  much 
easier  to  produce,  and  they  perform  almost  as  well  as  APD's  at  these  wavelengths. 
Preamplifiers  have  been  added  to  the  PIN  photodiodes  to  improve  the  responsivity. 
Antireflective  coatings  have  been  added  and  better  coupling  lenses  have  been  developed 
to  improve  the  amount  of  light  available  at  the  surface  of  the  diode  for  conversion  to 
electrical  current. 

2.3.5  APPLICATION  TO  CURRENT  PROJECT 

The  most  critical  detector  parameter  for  the  current  project  is  bandwidth. 
Because  the  fiber  lengths  associated  with  the  phase  shifter  are  short,  dispersion  of 
signals  in  the  fiber  and  attenuation  will  be  negligible  and  there  is  no  advantage  in  going 
to  the  longer  wavelengths.  The  shorter  wavelength  detector  technology  is  much  more 
developed,  and  it  makes  sense  to  choose  the  shorter  wavelength  (850  nm)  APD's  which 
have  the  required  GHz  bandwidths. 
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2.4  OPTICAL  SWITCHES 


A  completely  satisfactory  optical  switch  for  this  project  would  exhibit:  (1) 
Insertion  Loss  of  1  dB,  (2)  Switch  speeds  of  1  MHz,  (3)  Channel  isolation  of  40  dB,  (4)  No 
sensitivity  to  multiple  modes,  and  (5)  No  sensitivity  to  polarization  of  the  guided  waves. 
No  completely  satisfactory  optical  switch  was  available  at  any  point  in  this  project  life 
cycle.  The  descriptions  of  switches  presented  in  this  subsection  are  a  result  of  the 
search  for  a  suitable  optical  switch. 

2.4.1  MECHANICAL  AND  E  L  ECT  KO  M  E  C  H  AN  1C  A  L  SWITCHES 

Mechanical  switches  have  been  realized  in  numerous  forms.  Some  are 
commercially  available.  Though  they  often  have  low  attenuation,  they  can  be  fragile, 
slow,  and  bulky. 

2.4.1 .1  Bell  Labs  Mechanical  Fiber  Optic  Switch  (Reference  5) 

This  switch  uses  an  extension  of  the  alignment  principle  employed  in  the  loose 
tube  splice.  Fibers  are  moved  into  an  inside  corner  of  a  tube  with  a  square  cross 
section.  They  are  well  aligned  and  couple  light  with  tow  losses.  Index  matching  fluid  in 
the  splice  region  further  reduces  loss.  The  switch  is  shown  in  Figure  2.11.  A  single  fiber 
is  free  to  move  in  the  central  region  of  a  tube  and  is  fixed  at  the  end  of  the  tube.  Slight 
bending  of  the  tube  snaps  the  free  end  of  the  fiber  into  a  corner  of  the  tube,  aligning  it 
with  the  selected  fixed  fiber.  By  changing  the  direction  of  the  bend,  the  input  fiber 
moves  to  a  different  corner,  providing  positive  switching  with  four  switch  output 
positions. 

This  switch  is  a  promising  design  for  practical  low  speed  mechanical  optical 
switches,  and  this  switch  can  be  made  with  either  monomode  or  multimode  fibers.  It  has 
four  possible  outputs  for  one  input.  The  fibers  are  totally  encapsulated,  and  no  power  is 
required  to  hold  a  given  position.  This  switch  has  a  lower  insertion  loss  than  any 
mechanical  switch  previously  reported  ( <  0.5  dB  for  multimode  fibers)  and  has 
excellent  repeatability,  durability,  and  crosstalk  performance.  It  also  requires 
inexpensive  mechanical  parts  for  its  construction. 

2.4.1 .2  Nippon  Electric  Company  (NEC)  Mechanical  Switch  (Reference  6) 

Two  switches  now  commercially  available  for  around  600-700  Dollars  are  the  NEC 
fiber  optic  switches.  They  employ  moving  prisms  instead  of  a  moving  fiber.  Shown  in 
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Figure  2.11  Bell  Laboratories  one  to  four  switch. 


Figure  2.12,  are  the  1x2  and  2x2  optical  switches  which  employ  moving  glass  prisms  to 
divert  light  from  one  port  to  another.  The  performance  of  these  switches  is  listed  in 
Table  3  underneath  their  schematics.  The  advantage  of  this  switch  is  that  accurate 
displacement  of  the  prism  is  not  required. 

The  NEC  1x2  mechanical  fiber  optic  switch  was  used  in  the  phase  shifter  built  by 
Georgia  Institute  of  Technology.  This  device  was  switched  hundreds  of  times  with  no 
increase  in  insertion  loss.  This  switch  is  a  feasible  choice  for  devices  wi*h  switching 
speeds  above  4  milliseconds. 

2.4.1. 3  IBM  Single-Pole  Double-Throw  Low  Loss  Fiber  Optic  Switch  (Reference  7) 

In  this  mechanical  switch,  the  end  of  an  optic  fiber  is  moved  between  two 
predetermined  positions  by  the  mechanical  movement  of  two  wire  conductors  which  cross 
each  other  and  the  fiber;  the  mechanical  movement  of  the  conductors  being  caused  by 
current  flowing  through  the  conductors  in  the  presence  of  four  magnetic  fields.  The 
predetermined  positions  of  the  fiber  are  defined  by  fixed  elements  which  limit  the  range 
of  movement  of  the  fiber.  Output  fibers  lie  at  both  predetermined  positions.  The  fibers 
move  to  a  seated  position  when  current  passes  through  wire  conductors  in  a  given 
direction  while  the  loop  is  in  a  magnetic  field.  A  simple  reversal  of  current  returns  the 
switch  to  the  original  state. 

2. 4.1. 4  IBM  Field-Assisted  Fiber  Optic  Switch  (Reference  8) 

An  alterate  method  used  by  IBM  employs  the  coating  of  a  multimode  or  single 
mode  fiber  with  a  metal  such  as  chromium  or  titanium.  The  coated  fiber  is  then 
deflected  between  two  positions  using  electrostatic  force.  (Figure  2.13) 

Other  IBM  mechanical  F/O  switches  use  the  electrostatic  holding  force  to  move 
an  optical  fiber  between  two  different  positions  defined  by  the  alignment  structure  which 
also  positions  alternative  output  fibers.  The  electrostatic  force  is  applied  to  the  fiber, 
the  fiber  is  pulled  to  an  upper  V-groove  and  aligned  with  the  mating  fiber.  The  fiber's 
natural  elasticity  will  return  it  to  the  bottom  position  of  the  V-groove  and  align  it  with 
the  corresponding  fixed  fiber. 

2.4.1. 5  Mechanical  One-To-Many  Fiber  Optic  Switch  (Reference  9) 

This  mechanical  multimode  fiber  optic  switch  (Figure  2.14)  uses  a  spherical  mirror 
mounted  on  a  galvanometer  to  switch  multimode  light  from  one  fiber  to  many  fibers 
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Fiber  Optic  Switch 


13.  IBM  field  assisted  switch. 
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located  in  a  linear  array  in  the  imaging  plane  of  the  mirror.  Characteristics  of  this 
switch  include: 


1.  optical  insertion  loss  less  than  1.5  db 

2.  optical  isolation  greater  than  37  db 

3.  switching  rate  of  300  Hz 

4.  potential  for  greater  than  one-to-ten  fiber  switchings 

5.  little  degradation  of  device  characteristics  after  106  switchings 


2.4.2  k  L  t CT  KO-OHTIC  AL  SWITCHES 

Electro-optical  switching  depends  on  changes  in  refractive  index  or  changes 
in  scattering  caused  by  the  application  of  an  electric  field  to  a  material.  The  switches 
can  be  divided  into  those  based  on  the  pockel  effect  and  those  based  upon  optical 
scattering.  The  pockel  effect  is  an  index  of  refraction  change  that  occurs  with  applied 
electrostatic  field.  This  occurs  in  electroptically  active  solid  state  materials.  An 
optical  scattering  change  can  be  induced  in  certain  mixtures  of  liquids  and  long  chain 
molecules.  The  orientation  of  the  long  chain  molecules  changes  with  the  applied 
electrostatic  field.  This  optical  scattering  is  observed  in  liquid  crystals. 

Extensive  research  is  being  pursued  for  the  development  of  electro-optical 
switches.  The  main  research  objectives  are,  gigahertz  speed,  efficient  (>  99-percent) 
modulation  depth,  low  voltage,  and  low  insertion  loss.  Competing  against  the  electro- 
optical  switch  are  switches  based  on  acousto-optic  effects  in  the  same  ferroelectrics 
(LiNbO^,  LiTaO-j)  and  semiconductors  (GaAs,  CaAsSb)  that  electro-optic  switches  are 
based  upon. 

Most  electro-optic  switches  are  single-mode  switches.  Development  of  single¬ 
mode  switches  dominate  because  these  switches  require  two  or  three  orders  of  magnitude 
less  driving  power.  In  addition,  many  switch  mechanisms  are  only  marginally  functional 
for  multimode  fibers.  This  occurs  because  many  devices  depend  on  focusing  of  light  and 
each  mode  focuses  differently. 

The  basic  configuration  used  for  these  single-mode  switches  is  the  electro-optic 
directional  coupler  (EUC).  In  the  EDC  device,  two  parallel  guides  are  positioned  very 
close  (within  a  wavelength  of  light)  to  allow  transfer  of  guided  energy  between  them. 
Electric  fields  applied  via  electrodes  placed  in  the  vicinity  of  the  guides  vary  the 
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coupling  between  the  guides  and,  therefore,  the  energy  transferred  between  the  guides. 
EDC  switches  have  been  fabricated  in  LiNbO^  using  Ti  indiffused  waveguides,  in  CaAs 
optical  stripline  guides,  and  rib  guides  of  MOS  or  Schottky  barrier  types.  The  CaAs 
directional  coupler  switch  has  provided  up  to  99.7%  light  crossover  by  using  two  pairs  of 
differently  polarized  electrodes.  CaAs  rib  guide  switches  have  provided  extinction  ratios 
of  30  dil  with  capacitance  values  below  2  picofarad.  Bandwidths  up  to  1  GHz  have  been 
achieved  at  the  wavelengths  of  1.15  pm  with  8.2  dB  insertion  (power)  loss  using  an 
LiNbO-j  tUC  switch  (Reference  10). 

Switches  with  high  extinction  ratios  (  >  20  dB)  and  low  operating  voltages 
(  <  SV)  can  be  produced.  The  large  insertion  loss  of  the  device  must  be  reduced  for 
practical  communication  switches.  The  dominant  tosses  are  light  input/output  coupling 
losses.  This  is  especially  true  for  single-mode  devices  where  the  coupling  to  and  from 
the  single  mode  fibers  is  lossy.  Two  methods  for  coupling  guides  to  monomode  fibers  are: 
(1)  evanescent  coupling,  and  (2)  end-fire  coupling.  Coupling  efficiencies  as  high  as  80% 
have  been  predicted  and  experimental  values  as  high  as  65%  have  been  obtained.10  A 
practical  way  for  fiber-to-induffused  guide  alignment  is  the  use  of  etched  channels  in  Si 
substrates  and  inverting  the  LiNbO^  substrate  on  the  same  Si  substrate  (called  flip  chip 
method).  This  approach  was  proposed  for  a  four  port  data  switching  terminal  module 
involving  a  high  speed  EDC  switch  in  LiNb03  chip  (Figure  2.15).  An  efficiency  value  of 
47%  was  reported  for  f iber-to-guide  coupling  in  this  configuration.  Coupling  of  LiNb03 
single-mode  devices  to  single  mode  fibers  requires  that  the  switches  be  independent  of 
polarization  because  light  out  of  a  single-mode  fiber  is  arbitrarily  polarized.  A 
polarization  independent  EDC  switch  has  been  demonstrated. 

A  4x4  switching  network  (Figure  2.16)  has  been  achieved  by  combining  five 
switches  on  the  same  l.iNbu^  substrate,  and  crosstalk  levels  of  18  dB  were  reported.10 
The  first  semiconductor  switch  matrix  was  realized  using  the  GaAs  rib-guide  EDC 
configuration.  The  structure  was  a  2x4  network  involving  three  EDC  switches  with  10  dB 
crosstalk  levels  and  15  V  needed  for  switching.  Although  GaAs  has  lower  electro-optic 
coefficients  than  LiNbO^,  its  use  for  switching  networks  is  very  attractive  since  it  offers 
the  possibility  of  monolithic  integration  of  laser  sources  and  switches. 

2.4.2. 1  tlectro-Optic  Switches  as  Coupled  Wave  Devices 

Switched  directional  couplers,  stepped  A0  couplers,  and  bistable  A 8  couplers 
belong  to  the  class  of  coupled  wave  devices.  Coupled  wave  devices  use  guiding 
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Figure  2.15.  Four  port  EDC  switch 


structures  to  support  two  decoupled  modes  that  propagate  freely  and  remain  uncoupled 

as  long  as  the  structure  is  not  disturbed.  Assume  two  waves  R  and  S  (reference  and 

signal).  A  perturbation  in  the  original  structure  leads  to  a  coupling  of  the  two  waves  and 

to  an  energy  exchange.  An  important  requirement  for  a  signficant  interaction  between  R 

and  S  is  their  synchronism  or  ‘phase  matching.*  The  simplest  case  requires  equality  of 

the  propagation  constants  0  and  0  of  the  two  waves: 

s  r 


Two  different  types  of  coupled  interactions  are  distinguished:  codirectiona! 
interactions  and  contradirectional  interactions.  Codirectional  interactions  occur 
between  two  forward  (or  two  backward)  waves  and  contradirectional  interactions  occur 
between  one  forward  and  one  backward  wave. 

The  exchange  of  energy  between  two  codirectional  waves  of  complex  amplitude  R 
and  S  is  described  by  the  coupled  wave  equations: 


R “*  -  iSR  =  -jKS  (10) 

S'  -  i  6S  =  -  j  KR  (11) 


prime  indicates  differentiation  with  respect  to  propagation  distance  z 
K  =  coupling  constant 

6  =  a  normalized  frequency  which  measures  deviation  from  synchronism 

At  boundary  conditions  R(0)  =  1  and  S(0)  =  0,  the  solutions  to  the  coupled  wave 
equations  are: 

S  ( z )  =  -jKsin(z/l<2  ♦  62)/Jk2  +  62  (1i) 

_  _ _  _  (13) 

R(z)  **  cos(z  •  /K2  ♦  62)  +  jfisintz/K2  +  <S2)//k2  ♦ 
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For  the  synchronized  case  (  6  a  0;  phase  matched  waves),  there  is  a  sinusoidal 
exchange  of  energy  between  K  and  S. 

S(z)  =  -jsin(Kz)  R(z)  =«  cos(Kz)  (14) 


1. 4.2.2  Integrated  Optics  Directional  Coupler 

An  integrated  optics  version  of  a  directional  coupler  consists  of  two  strip  guides 
which  are  close  and  parallel  over  an  interaction  distance  (L)  (Figure  2.17).  Synchronism 
for  this  device  is  determined  by  the  difference  between  the  propagation  constants  3R 
and  of  the  two  modes  in  the  two  strip  guides. 

24  “  8r  -  “s  -  “»ltS  (,5> 

The  method  used  for  energy  transfer  is  called  the  A3  technique,  and  6  is  the 
normalized  frequency  which  measures  deviation  from  synchronism.  The  coupling 
constant  (K)  of  a  rectangular  dielectric  waveguide  is  an  exponential  function  of  the 
waveguide  separation  (C)  and  the  decay  constant  (  )  in  the  film  plane 

K  a  exp  (-YyC)  (16) 

Typical  conversion  lengths  range  from  1  mm  to  several  millimeters.  Full  transfer  of 
energy  from  one  guide  to  another  is  achieved  in  an  interaction  length  equal  to  d,  where 
d  =  n/2k  for  synchronized  waves  (6  =  0).  Experimental  directional  couplers 
have  oeen  prepared  using  a  variety  of  structures  and  material  systems,  including 
ferroelectric  crystals  (LiNbO^)  and  semiconductors  (GaAs). 

A  switched  directional  coupler  is  simply  a  directional  coupler  controlled 
electrically  to  switch  guided  light  from  one  waveguide  to  another.  The  control  is  through 
variation  of  the  phase  constants  (A3)  of  the  dual  waveguide  structure. 

In  an  electro-optic  material,  an  applied  electric  field  E  induces  a  refractive  index 
change  n  '  of  magnitude  given  by 
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r'E/2 


(17) 


An'  =  -  n  3 

n'  =  effective  refractive  index  of  material 
r  '  =  effective  electro-optic  coefficient 
b  =  magnitude  of  electric  field  (by  voltage) 

When  the  field  is  applied  to  the  two  guides  with  opposite  polarity  an  induced  phase 
mismatch  occurs. 


26  =  A0-  An  =  (n')3r'(E/2)  (18) 

A  m  free  space  wavelength 

If  the  coupler  is  fabricated  with  an  interaction  length  L  (L  =  actual  length  of 
switch  in  which  coupling  occurs)  which  is  equal  to  an  odd  multiple  of  the  conversion 
length  d,  a  complete  transfer  of  light  from  one  guiding  structure  to  the  other  occurs  if 
the  guides  are  phase  matched.  An  applied  voltage  will  induce  a  phase  mismatch 
2  6  =  A ii  which  spoils  the  interaction  and  leads  to  zero  transfer  of  light.  This  spoiling 
of  light  transfer  is  the  basis  of  the  EUC  fiber  optic  switch;  light  can  be  switched  from 
one  port  to  another. 


2.4.2.J  Stepped  -  Delta  Beta  Coupler 

it  is  difficult  to  fabricate  the  interaction  length  L  and  the  conversion  length  d  of 
switched  directional  couplers  with  the  accuracy  necessary  for  complete  transfer  of 
light,  tlectrical  control  cannot  compensate  for  fabrication  errors  in  the  directional 
coupler  switch.  A  configuration  called  the  stepped  delta  beta  coupler  allows  electrical 
adjustment  for  essentially  complete  light  transfer.  The  electrodes  are  split  into  two 
sections,  and  voltages  of  opposite  polarity  are  applied  to  the  two  sections,  inducing 
mismatch  of  opposite  sign.  This  switch  can  be  analyzed  by  casting  the  coupled  wave 
solutions  for  S(z),  R(z)  into  matrix  form  and  multipling  the  appropriate  matrices  of  the 
individual  sections.  The  condition  for  the  crossover  state  of  this  coupler  is 


><"2  t  .  4 

K  +  <5  1 


(19) 
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and  the  zero  transfer  state  is  obtained  if 


L/d  =  2  (  2  y  ♦  1)  (20) 

where  y  is  an  integer. 

The  stepped  delta  beta  configuration  has  allowed  the  construction  of  optical 
switches  with  a  crossover  ratio  of  400:1  (26  dB  isolation)  using  Ti  diffused  strip  guides  in 
LiNb03  (Keference  11).  This  is  quite  an  improvement  over  single  delta  beta 
configurations  where  the  best  isolation  obtained  for  the  two  switch  states  was  only  13 
dll.11 


2. 4.2. 4  Bistable  Delta  Beta  Coupler 

The  bistable  delta  beta  coupler  is  an  optical  4-port  bistable  switch  which  consists 
of  an  alternating  delta  beta  coupler  and  an  electrical  feedback  loop.  In  this  loop,  a 
portion  of  the  zero  transfer  optical  power  is  detected  (by  a  silicon  PIN  photodiode,  APD, 
or  avalanche  photomultiplier),  and  the  voltage  proportional  to  this  power  is  applied  to  the 
control  electrode  of  the  delta  beta  coupler.  This  arrangement  allows  optically  controlled 
switching  between  the  crossover  and  the  zero-transfer  state  of  the  coupler.  An 
experimental  device  of  this  type  was  realized  in  Ti:LiNb03*  and  had  switching  time  of 
about  300  us  and  optical  switching  energy  of  3  picojoule  (pj).11 

2.4.3  ELECTKO-OPTIC  MULTIMODE  SWITCHES 

Single-mode  devices  have  received  special  attention  mainly  because  they  require 
much  less  drive  power  per  unit  bandwidth  than  bulk  devices.  The  disadvantage  of  single 
mode  waveguide  devices  is  that  it  is  difficult  to  achieve  efficient  coupling  to  devices  and 
components  of  different  dimensions  and  geometries.  The  solution  is  to  construct  a 
device  that  can  operate  in  several  modes. 

Several  constructions  are  used  for  electro-optic  multimode  switches.  The  first, 
uses  the  concept  of  imaging  in  multimode  waveguides.  This  device  is  capable  of 
modulating  or  switching  with  relatively  low  drive  voltage  a  laser  beam  with  a  few  low 
order  modes.  It  is  also  realizable  in  various  sizes  and  geometries.  Unfortunately,  it  can 
only  be  used  at  the  light  source  since  multimode  fibers  willbreak  a  single  laser  mode  into 


*Ti:UNb03  is  the  symbol  which  represents  Titanium  indiffused  Lithium  Niobate. 
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hundreds  of  inodes  within  a  few  feet.  This  switching  effect  has  been  obtained  in  several 
active  waveguides  of  various  widths  and  lengths  with  8-20  volt  drive  and  13-20  dB 
extinction  ratios  (References  12  and  13).  Megahertz  speeds  have  also  been  observed. 

The  second  type  of  electro-optical  multimode  switch  uses  the  quadratic  behavior 
of  Snell's  law  for  light  incident  at  grazing  angles  onto  boundries  containing  small 
refractive-index  discontinuities  to  cause  electrically  controllable  amounts  of  refraction 
or  reflection.  This  type,  however,  cannot  switch  all  of  the  input  light  from  one  port  to 
another  and  serves  only  as  a  3  dB  directional  coupler  switch. 

The  third  approach  involves  the  use  of  an  electro-optic  crystal  in  which  one  end  of 
the  crystal  is  polished  into  a  cylindrical  reflecting  surface.  The  mirror  is  focused  such 
that  light  entering  one  fiber  will  exit  out  of  one  of  its  output  fibers.  When  voltage  is 
applied  to  radial  vane  electrodes  attached  to  the  top  of  the  crystal,  a  change  in  index  of 
refraction  occurs  in  the  crystal  and  the  focus  of  the  mirror  is  spoiled  such  that  most  of 
the  light  couples  into  the  second  output  fiber.  The  theoretical  insertion  loss  of  this 
device  is  2  dB  (Reference  14).  Switching  speeds  in  the  megahertz  have  been  observed.10 

Another  type  of  multimode  switch  is  based  on  controlled  reflection  by  a  thin, 
uniform,  liquid-crystal  layer.  Figure  2.l8(a  &  b)  illustrates  the  element  structure  of  this 
switch.  A  light  beam  is  incident  obliquely  at  an  angle  $  upon  a  uniformly  oriented  liquid 
crystal  (LC)  sandwiched  between  polished  pieces  of  high  index  glass  that  are  coated  with 
a  transparent  electrode  material.  Switching  is  accomplished  by  voltage  control  of  the 
optical  critical  angle. 

2.4.4  M  AON  t  T  O-OPTIC  SWITCHING 

The  principle  of  switching  using  magneto-optic  technology  is  a  new  but  promising 
technique.  The  concept  involves  the  efficient  optical  diffraction  in  parallel  thin-film 
magnetic-strip  domains  of  iron  garnet.  An  external  magnetic  field  influences  the  width 
and  angular  orientation  of  the  domains  and,  hence,  the  optical  diffraction  and  azimuth 
angles.  This  effect  is  called  the  Faraday  effect,  which  is  simply  a  rotation  of  the 
direction  of  polarization  of  linearly  polarized  light  caused  by  an  applied  magnetic  field. 
Tnis  switch  should  become  commercially  available  sometime  in  1982  (Reference  15).  It 
is  the  fastest  switch  currently  available  on  the  market  with  switching  speeds  of  20  ps 
and  low  insertion  losses. 
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Perspective  View  of  Switch 

Multimode 


Applied  Voltage  (V  rms) 

Figure  2.18  (a)  Liquid  crystal  switch. 


Figure  2.18(b)  Liquid  crystal  switch. 
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2.4.5  ACOUSTO-OPTIC  SWITCH 

Acousto-optic  interactions  between  guided  optical  waves  and  acoustic  surface 
waves  are  being  explored  as  a  means  of  implementing  compact,  miniature  light 
deflection  devices.  1  he  device  is  sketched  in  Figure  2.19.  The  principle  of  operation  is 
similar  to  the  electro-optic  Bragg  deflector,  except  the  index  grating  is  induced  via  the 
acousto-optic  effect  rather  than  by  a  physical  grating.  The  defining  equation  is 

An  ss  V2  °3  Ps 

p  =  photo-elastic  constant  (21) 

s  =  the  acoustic  strain  amplitude 

Typical  operating  characteristics  for  a  TkLiNbO^  deflector  are:  (1)  175  MHz  acoustic 
frequency,  (2)  35  MHz  bandwidth,  and  (3)  50  watt  drive  power  for  a  70%  deflection 
efficiency. 

In  the  acousto-optic  Bragg  deflector,  when  light  is  incident  near  the  Bragg  angle 
on  the  induced  grating,  a  portion  of  it  is  scattered  and  a  coupled  wave  interaction 
between  the  scattered  and  incident  light  takes  place.  The  coupling  coefficient  for  this 
interaction  is 


K  -  (tt/2)  •  An  (22) 

and  synchronism  occurs  when  Bragg  conditions  are  met 

sin  eg  *  A/  ( 2  NA)  (23) 

A  =  grating  period 

N  =  effective  film  index 

9„  =  angle  of  incidence. 

D 

2.4.6  OPTICAL  SWITCH  SUMMARY 

None  of  the  commercially  available  optical  switches  were  completely  satisfactory 
for  this  project.  This  is  evident  in  Table  4  where  every  multimode  switch  has  at  least 
one  deficiency  in  speed,  insertion  loss,  or  power  required. 
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Figure  2.19  Acousto-optic  switch. 


These  four  switch  types  are  essentially  experimental  at  the  date  of  this  report 


2.b  HUEK  UH  TIC  COUPLERS 

The  purpose  of  fiber  optic  couplers  is  to  split  the  light  from  one  or  more  fibers, 
either  evenly  or  unevenly,  into  one  or  more  fibers.  The  applications  of  couplers  include 
computer  netting,  data  bases,  wavelength  division  multiplexing,  or  any  other  application 
requiring  the  splitting  of  a  light  signal.  There  are  two  main  types  of  commercial 
couplers:  the  tee  and  star  couplers.  Other  types  which  will  not  be  discussed  are  those 
using  lenses,  prisms,  or  reflective  mirrors,  and  holographic  couplers. 


2.5.1  COU PL  E  R  PARAMETERS 

Several  parameters  can  be  used  to  characterize  couplers.  The  first  is  insertion 
loss  (IL),  which  is  a  measure  of  the  power  loss  from  the  input  port  to  one  of  the  output 
ports.  Insertion  loss  is  defined  by 


HMN  »  -10  log  (^) 

M 

ILmn  =  insertion  loss  in  dB  from  input  M  to  output  N 
PMN  =  Power  output  at  N  from  input  M 
PM  “  Power  input  at  port  M 


(24) 


The  splitting  loss  (SL)  is  the  loss  due  to  the  signal  being  split  into  N  ports,  assuming  an 
evenly  distributed  coupler  output.  The  splitting  loss  is  defined  by 

SL  *  -10  log  (-—-)  (25) 

SL  a  Splitting  loss  in  dB 
N  a  Number  of  output  ports 


The  excess  loss  (EL)  is  the  difference  between  the  insertion  loss  and  splitting  loss.  The 
excess  loss  is  due  to  reflections,  light  absorbtion,  and  light  radiation. 

The  uniformity  factor  (UF)  specifies  the  degree  of  uniformity  in  the  output 
ports.  The  uniformity  factor  is  defined  by 
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x  100% 


(26) 


PMN  <max> 
PMN  (mi°) 


UF  PMN(tnax)  "  PMN(min) 

PMN(max) 


=  Uniformity  factor  (in  percent)  when  input  port  M  is  used 
=  Maximum  output  signal  from  any  port  when  input  port  M  is  used 
=  Minimum  output  signal  from  any  port  when  input  port  M  is  used 


The  ideal  coupler  would  have  a  uniformity  factor  of  zero  percent. 


2.5.2  TEE  COUPLER 

Figure  2.20  is  a  diagram  of  a  tee  coupler  used  in  a  fiber  optic  bus  system.  In  a 
system  with  N  terminals,  N  tee  couplers  would  be  needed  to  allow  communication 
between  any  two  terminals.  The  most  common  method  for  making  tee  couplers  is  the 
fused  biconical  taper  (FUT)  method  in  which  unjacketed  fibers  are  twisted  together, 
fused,  and  pulled  to  form  a  tapered  region.  The  mode  volume  effect  is  used  to  split  the 
light  power.  Higher  order  modes  in  the  input  fibers  are  forced  into  the  cladding  region  of 
all  the  output  fibers,  and  the  mode  energy  couples  back  into  the  core  region  of  the  output 
fibers  as  the  cross  sectional  area  decreases.  In  this  method,  the  lower  order  modes 
remain  in  the  input  fiber.  However,  this  can  be  corrected  by  cutting  the  fibers  in  the 
tapered  region,  rotating  them  and  fusing  them  back  together.  Unequal  power  distribution 
can  be  achieved  by  altering  the  length  of  fiber  fused  and  the  amount  of  tapering. 


2.5.3  STAR  COUPLER 

Star  couplers  can  either  be  transmissive  or  reflective.  Reflective  star  couplers 
distribute  light  from  any  fiber  selected  as  input  to  all  fibers,  including  the  fiber  selected 
for  input.  Transmissive  couplers  are  directional  in  that  light  input  into  any  of  the 
multiple  input  fibers  is  distributed  to  ail  the  output  fibers.  The  light  in  the  fibers  is 
distributed  by  either  using  a  mixing  rod  or  fusing  the  fibers  together.  Reflective 
couplers  have  the  end  of  the  mixing  rod  mirrored  to  reflect  the  energy.  The  mixing  rod 
is  a  device  whereby  any  light  input  into  the  input  face  will  evenly  illuminate  the  output 
face.  This  mixing  rod  can  be  a  polished  piece  of  glass  which  is  covered  with  a  low  index 
of  refraction  material,  thus  becoming  an  optical  waveguide.  Figure  2.21  shows  a 
transmissive  star  coupler  using  a  mixing  rod.  Star  couplers  are  usually  designed  so  that 
the  output  power  is  evenly  distributed  among  the  fibers. 
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2  TO  2  COUPLER 


TERMINAL 


Figure  2.20  Tee  coupler.  Used  In  a  fiber  data  bus  system* 
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OUTPUT  FIBERS 


INPUT  FIBERS 


Figure  2.21  Star  coupler.  Using  a  misting  rod. 


FI1UK  OPTIC  INTE  KCONN  ACTIONS 

The  practical  implementation  of  optical  fiber  as  the  medium  of  phase  delay  in 
phased  array  device  will  require  the  use  of  interconnection  devices  such  as  connectors  or 
splices.  A  connector  is  a  demountable  device  used  to  easily  disconnect  and  reconnect 
fibers;  and  a  splice  is  employed  to  permanently  join  optical  fibers  together.  The  losses 
introduced  by  splices  and  connectors  will  be  an  important  consideration  in  the  system 
design  of  a  large  scale  phased  array  device.  Fiber  losses  can  be  separated  into  two 
categories: 

(1)  Extrinsic  Parameters  -  A  category  related  to  the  technique  used  to  join  the 
fibers  and  is  caused  by  extrinsic  (to  the  fiber)  parameters  such  as  transverse 
offset  between  the  fiber  cores,  end  separation,  axial  tilt,  and  fiber  end 
quality. 

(2)  Intrinsic  Parameters  -  A  category  related  to  the  properties  of  the  fibers 
joined.  These  losses  relate  mostly  to  splices.  Intrinsic  parameters  include 
variations  in  fiber  diameter  (both  core  and  cladding),  index  profile,  and 
ellipticity  and  concentricity  of  the  fiber  cores. 

Figure  2.22  compares  the  relative  influence  on  splice  loss  of  the  major  extrensic 
parameters  of  transverse  offset,  separation,  and  axial  tilt.  Splice  loss  is  significantly 
more  sensitive  to  transverse  offset  and  axial  tilt  than  it  is  to  longitudinal  offset.  Fiber 
end  quality  has  a  minimal  effect  on  splice  loss  if  ;  'per  end  preparation  techniques  are 
used  in  conjunction  with  an  index-matching  material  such  as  glycerin.  This  index¬ 
matching  material  is  uv  4  to  reduce  the  Fresnel  reflection  loss  which  would  be  caused  by 
the  glass-air  translation. 

The  mismatch  of  intrinsic  multimode  graded-index  fiber  parameters  can  also 
significantly  effect  ti.e  loss  of  a  splice  or  connector.  Figure  2.231  illustrates  how  splice 
loss  is  affected  by  core  radius  and  A  mismatch,  and  Figure  2.241  shows  how  it  is  affected 
by  a  profile.  Alpha  (a)  is  the  parameter  used  to  describe  the  fiber  index  of  refraction 
profile  (  a  *  2  for  parabolic  profile)  and  A  is  equal  to  (n^  -  n2)/ n2,  where  n.j  is  the 
index  of  refraction  at  the  core  center  and  n2  is  cladding  index  of  refraction. 

2.6.1  SPLICING  TECHNIQUES 

Fusion  splicing  is  the  most  widely  used  splicing  method.  Fusion  splicing  is 
accomplished  by  applying  localized  heating  at  the  interface  of  two  butted,  prealigned 
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SPLICE  LOSS 


Figure  2.23  Splice  loss  due  to  intrinisic  parameters. 
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TRANSMITTING  FIBER  aT 

Figure  2.24  Splice  loss  due  to  a  mismatch. 


fiber  ends  and  causing  them  to  soften  and  fuse  together.  Figure  2.25  shows  how  fiber 
fusion  can  be  achieved  using  an  electric  arc  to  produce  the  needed  heat.  An  oxygen 
hydrogen  torch  may  be  used  in  place  of  an  electric  arc  as  the  source  of  heat. 

Fusion  splicing  can  be  used  to  join  both  single  and  multimode  fibers.  This  is  the 
most  practical  method  for  joining  single  mode  fibers  because  of  their  extremely  small 
core  size  (5-10  pm).  The  small  core  size  makes  other  methods  of  connecting  or  splicing 
difficult  due  to  errors  introduced  by  mechanical  alignment.  Fiber  splice  losses  of  0.1  dB 
for  multimode  fibers  and  0.5  dB  for  single  mode  fibers  are  common  using  the  fusion 
method.1 

Tne  tensile  strength  of  a  fused  fiber  has  been  reported  to  be  approximately  60%  of 
the  strength  of  the  uncoated  fiber  before  fusion.  The  decrease  in  strength  is  due  to  the 
combined  effects  of  surface  damage  due  to  handling,  surface  defect  growth  during 
heating,  and  residual  stresses  induced  as  a  result  of  changes  in  chemical  composition. 

The  second  class  of  permanent  splices  utilizes  an  alignment  member  and  adhesive 
bonding  to  join  individual  fibers  together.  An  example  of  this  type  of  splice  is  shewn  in 
Figures  2.2b.  This  technique  of  fabricating  low  loss  laboratory  type  splices  uses  a  loose 
fitting  tube  with  a  square  cross  section.  Two  fibers  with  prepared  ends  are  inserted 
halfway  into  each  end  of  a  square  cross  section  tube  and  the  fibers  are  placed  on  a  flat 
surface  and  bent  in  a  curved  pattern.  This  generates  forces  that  rotate  the  tube  so  that 
a  diagonal  of  the  square  cross  section  is  in  the  same  plane  as  the  bent  fibers.  The  fibers 
are  therefore  self-aligned  in  the  same  corner  of  the  tube.  The  bent  fibers  are  then 
pushed  into  the  tube  until  they  touch  each  other,  and  index  matching  epoxy  is  wicked  into 
the  tube  to  complete  the  splice.  Graded  index  multimode  fibers  have  been  spliced 
together  using  loose  tube  splices  with  a  splice  loss  of  0.07  dB.1 

2.6.2  FIBER  OPTIC  CONNECTORS 

A  wide  variety  of  commercially  available  fiber  connectors  are  used  to 
interconnect  both  individual  fibers  and  optical  fiber  cables.  All  of  these  connectors 
which  are  demountable  are  for  multimode  fiber  only.  Some  of  the  types  that  were  used 
in  this  project  will  be  discussed. 

The  AM  P,  Inc.,  fiber  optic  connector  for  a  single  125  micrometer  outer  diameter 
fiber  was  used  in  the  phase  delay  network  discussed  earlier.  Figure  2.27  shows  the 
connector  parts  in  the  upper  left  and  a  cross  section  of  a  completed  connector  before 
polishing  in  the  center  left.  The  method  of  assesmbly  is  shown  to  the  right.  The  ferrule 
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SPRING 


Figure  2.25.  Fusion  splicing  apDaratus. 
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shown  in  che  diagram  is  a  piece  of  plastic  with  a  conical  hole  that  tapers  down  to 
132  pm  in  diameter,  which  is  about  7  pm  larger  than  the  optical  fiber.  The  fiber  is 
epoxied  into  the  ferrule  and  held  in  place.  After  the  epoxy  dries,  the  fiber,  protruding 
out  of  the  front  face  of  the  ferrule,  is  cleaved  with  a  sapphire  or  hardened  steel  scribe. 
The  end  of  the  connector  is  then  polished  using  different  grits  of  lapping  film  (polishing 
paper);  30,  15,  3,  and  0.3  pm  grit  film  is  used  for  polishing.  After  polishing,  the 
fiber  cable  is  ready  to  use. 

Connections  between  fibers  are  accomplished  by  the  use  of  a  device  called  a 
splice  oushing,  as  seen  in  Figure  2.28.  The  splice  bushing  is  a  threaded  metal  conical 
taper  that  butt  joins  the  two  connectors  in  an  optical  fiber  system.  Loss  through  these 
connectors  was  found  to  be  2  dB  or  less. 

The  other  type  of  fiber  optic  connector  used  in  the  phase  delay  network  was  an 
NEC,  Inc.,  connector.  The  assembly  of  the  NEC  connector  is  very  similar  to  the  AMP 
connector;  the  fiber  is  epoxied  into  a  ferrule  and  polished  when  dry,  but  the  construction 
and  threading  are  different.  The  NEC  ferrule  is  metal  with  a  conical  glass  insert  that  is 
precision  machined  to  a  hole  of  127  pm  outer  diameter.  Unfortunately,  this  hole  size  of 
127  pm  occasionally  did  not  accommodate  the  optical  fiber.  The  outer  diameter  of 
optical  fiber  is  often  guaranteed  within  two  percent  of  the  125  pm  outer  diameter.  If  the 
maximum  variation  of  two  percent  occurred,  one  would  have  a  fiber  with  an  outer 
diameter  of  127.5  pm,  which  is  larger  than  the  hole  for  the  ferrule.  This  was  observed  in 
the  laboratory  when  some  fibers  simply  could  not  be  inserted  into  the  NEC  ferrules.  The 
NEC  connector  had  less  than  1  dB  loss. 

A  connector  used  in  the  laboratory  for  temporary  connections  was  the  TRW  Cinch 
Optalign0  Fiber  optic  connector.  The  basic  operation  of  this  connector  is  shown  in 
Figure  2.29.  Four  glass  rods  form  the  channel  in  which  optical  fibers  meet.  This  is  a  dry 
connector;  no  epoxy  is  used.  The  fibers  are  held  in  place  by  clamps  which  hold  the  outer 
sheathing  of  the  cable.  It  typically  has  2-3  dB  loss  for  each  connection. 

A  promising  connector  uses  a  three-ball  alignment  configuration  to  center  a  fiber 
in  a  ferrule  arrangement  as  shown  in  Figure  2.30.  The  fiber  is  located  in  *  groove  formed 
by  two  balls  and  held  in  place  by  a  third  ball.  The  two  fiber  ends  are  located  with  a 
microscope  to  ensure  correct  location  and  recessed  with  respect  to  the  end  plane  of  the 
three  balls.  The  fibers  are  then  permanently  attached  with  an  adhesive.  The  two  sets  of 
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Metal  —  Die  Cast  Zinc,  Zinc  Plated 
Part  No.  227489-3 


Figure  2.29  TRW  cinch  optalign  connector. 


three  balls  are  pressed  together  at  a  relative  rotation  of  60s  to  obtain  automatic 
alignment  of  the  two  fibers  is  brought  about.  The  only  high-precision  components  in  this 
connector  are  the  tungsten  carbide  balls  that  are  inexpensive  and  easily  manufactured 
with  tolerances  of  ±1  micrometer. 

The  final  connector  design  that  will  be  discussed  is  the  etched  silicon  wafer  for 
multifiber  connections  or  array  connections  as  shown  in  Figure  2.31.  V-Grooves  are 
etched  into  a  pair  of  silicon  wafers,  and  the  V-grooves  hold  an  array  of  fibers  in 
precise  alignment.  An  array  half  is  formed  by  permanently  affixing  two  positive 
preferentially  etched  silicon  chips  to  the  end  of  a  fiber  ribbon.  The  fiber  ends  are  then 
simultaneously  prepared  for  use  by  grinding  and  polishing  the  end  of  the  array.  The 
connector  is  held  together  with  spring  clips  and  index  matching  material  is  inserted  to 
complete  the  connection.  This  array  connector  can  then  be  disconnected  and  connected 
in  the  field.  Its  average  insertion  loss  is  0.1  dB  using  identical  50/125  micrometer 
diameter  graded  index  multimode  fibers. 

2.7  LABOKATORY  PRACTICES 

Experience  was  gained  in  the  craft  of  making  fiber  optic  connectors  in  bread¬ 
boarding  the  fiber  optic  phased  array  system.  Several  types  of  connectors  were  tested, 
among  these  were  AMP,  NEC,  TRW  Cinch,  Deutsch,  and  Amphenol.  AMP  and  NEC 
connectors  were  used  in  the  final  system.  The  laser  and  receiver  in  the  system  use  the 
AMP  connector,  and  the  NEC  switch  uses  the  NEC  connectors.  The  Canstar  coupler  in 
the  system  was  delivered  with  fiber  pigtails,  enabling  it  to  be  fitted  with  the  appropriate 
connector.  Figure  2.32  shows  the  connector  types  and  locations  used  in  the  test  system. 
Preparation  of  the  AMP  and  NEC  connectors  are  similar,  therefore,  only  the  AMP  will  be 
discussed  in  detail.  The  components  of  the  AM  P  connector  are  shown  in  Figure  2.27. 

2.7.1  CONNECTOR  PREPARATION 

The  AMP  connectors  use  a  resifiant  mechanism  to  align  the  fiber  in  the  center  of 
the  ferrule.  This  is  done  at  the  factory  by  compressing  the  ferrule  in  a  circular  drill 
fixture,  then  precisely  drilling  the  hole  for  the  fiber.  This  technique  allows  irregularities 
in  the  ferrule  without  affecting  the  centering  of  the  fiber  in  the  connector.  Figure  2.33 
shows  the  steps  in  assembling  the  connector  parts.  In  preparation  for  installing  the 
connector,  the  outer  jacket  of  the  fiber  cable  is  removed  using  a  pair  of  wire  strippers. 
Heat  shrink  tubing  and  the  metal  retaining  assembly  are  slid  onto  the  cable.  Next,  the 
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UNUSED  FIBER  PIGTAIL 


NEC 


Figure  2.32  Location  of  AMP  and  NEC  connectors. 
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fibrous  strength  members  are  trimmed  and  the  Teflon*  inner  jacket  is  removed  using  the 
wire  strippers.  A  quick  clipping  action  with  the  strippers  is  needed  to  cut  the  Teflon 
jacket  without  stretching  the  Teflon  jacket  or  breaking  the  fiber.  An  alternate  technique 
to  remove  the  Teflon  jacket  is  to  use  a  V  grove  block  and  a  razor  blade;  this  method  was 
successful,  but  more  tedious. 

2.7.2  t  POXY  INC 

Acetone  was  used  to  remove  the  protective  plastic  coating  on  the  fiber  and  to 
clean  the  exposed  glass  fiber.  Epoxy  was  then  inserted  into  the  ferrule  until  the  ferrule 
was  about  half  full.  Epoxies  with  curing  times  varying  from  five  minutes  to  24  hours 
were  tested.  The  longer  curing  times  allowed  more  flexibility  in  finishing  the  connector 
fabrication,  while  the  shortest  curing  times  (five  minutes)  allowed  for  no  mistakes.  With 
the  five  minute  epoxy,  if  epoxy  was  accidentally  applied  to  the  glass  fiber  before 
inserting  it  into  the  ferrule  it  would  dry  and  inhibit  the  fiber  from  fitting  into  the 
ferrule.  The  24  hour  epoxy  extended  the  time  to  fabricate  a  connector.  The  optimum 
choice  was  the  one  hour  epoxy,  which  allowed  adequate  flexibility  in  the  process  and 
allowed  fiber  connector  fabrication  in  a  few  hours.  Once  the  epoxy  has  been  inserted 
into  the  ferrule,  the  ferrule  is  slid  onto  the  fiber  with  the  fiber  protruding  from  the  end 
of  the  ferrule,  and  a  drop  of  epoxy  is  placed  on  the  fiber  close  to  the  ferrule  face  to 
ensure  epoxy  penetration  at  the  ferrule  face. 

2.7.J  METAL  RETAINING  ASSEMBLY 

The  metal  retaining  assembly  is  slid  over  the  ferrule  and  mated  with  the 
compression  bushing.  A  crimping  tool  supplied  with  the  connector  kit  is  used  to  crimp 
the  metal  retaining  assembly  at  two  places,  securing  the  assembly  to  the  outer  jacket  of 
the  fiber  cable.  The  assembled  connector  is  stored  while  the  epoxy  cures. 

After  the  epoxy  is  cured,  the  heat  shrink  tubing  is  slid  over  the  sleeve  of  the 
metal  retaining  assembly  and  is  fitted  using  a  heat  gun.  The  fiber  protruding  from  the 
end  of  the  ferrule  is  scored  with  a  scribing  tool  and  broken  off.  The  fiber  must  be  scored 
just  slightly  away  from  the  ferrule  face  to  avoid  the  fiber  breaking  inside  of  the  ferrule. 
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2.7.4  POLISHING 

The  end  of  the  ferrule  is  carefully  polished  for  maximum  tight  transfer.  A 
polishing  table  was  designed  and  built  for  this  purpose.  Four  different  grades  of  polishing 
paper  (30,  15,  3,  0.3  micrometer  lapping  film)  are  used  in  the  polishing  process.  The  four 
grades  of  paper  are  mounted  on  the  polishing  table  with  running  water  being  supplied  to 
remove  the  loose  grit  and  glass  particles  from  the  lapping  film.  The  compression  bushing 
is  removed  and  the  rough  polishing  bushing  is  mounted  onto  the  connector.  The  rough 
polishing  bushing  is  used  with  the  two  rougher  grades  of  polishing  paper,  while  the  fine 
polishing  bushing  is  used  with  the  two  finer  grades.  'Figure-eight*  stroke  patterns  are 
used  in  the  polishing  action.  The  ferrule  is  polished  using  progressively  finer  polishing 
paper  until  the  face  of  the  ferrule  has  been  polished  flush  to  the  face  of  the  polishing 
bushing.  The  polishing  bushings  are  machined  so  that  the  optical  fiber  and  its  supporting 
ferrule  are  the  correct  length  after  polishing. 

2.7.5  ANALYSIS  OF  CONNECTOR  FABRICATION 

Assembly  of  each  type  of  connectors  requires  practice  to  achieve  consistent 
results.  All  connector  types  required  connection  kits  which  usually  included  some  type  of 
specialized  mounting,  cutting,  or  crimping  tool,  as  well  as  polishing  paper  if  the  device 
required  polishing  (TRW  and  Deutsch  did  not).  A  problem  was  discovered  with  the  AMP 
ferrules  purchased  early  in  the  project.  The  fiber  could  be  threaded  only  once  through 
the  ferrule  because  of  the  material  of  the  ferrule,  dust,  or  some  other  foreign  substance 
in  the  ferrule.  Subsequent  threading  attempts  were  unsuccessful  because  of  blockage. 
AMP  ferrules  purchased  in  the  last  few  months  of  the  contract  period  greatly  reduced 
this  problem.  AMP  product  engineers  stated  that  the  material  of  the  newer  ferrules  was 
superior  to  the  older  material,  thus  solving  the  blockage  problem. 

The  NEC  Connectors  employed  metal  ferrules  which  also  required  polishing.  The 
NEC  ferrules  did  not  have  the  material  blockage  problems  associated  with  the  early  AMP 
ferrules.  The  NEC  ferrules  tolerances  are  less  than  the  tolerance  of  the  fiber  cladding. 
This  was  confirmed  because  in  some  cases  the  tolerance  mismatch  was  sufficient  to 
preclude  threading  the  ferrule  with  the  fiber. 

Successful  connectors  were  made  with  both  the  AMP  and  the  NEC  connector 
systems.  The  AMP  system  is  preferred  over  the  NEC  system  because  of  cost.  The  NEC 
system  is  expected  to  yield  superior  performance  with  matched  optical  fibers. 
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SI.  Cl  ION  3 

LABORATORY  SYSTEM  DESCRIPTION 


This  report  section  discusses  the  fiber  optics  phasing  device  designed  and 
constructed  for  this  project.  The  section  is  subdivided  into  the  two  major  areas  of  a 
system  description  centered  around  the  system  diagram  and  system  analysis.  The  system 
description  subsection  reviews  the  individual  components  (optical  fiber,  ILD,  A  PD, 
coupler,  switch,  and  connectors)  used  in  the  constructed  device.  The  system  analysis 
subsection  describes  the  results  achieved.  The  subjects  considered  in  the  system  analysis 
subsection  are  power  transfer,  frequency  response,  phase  shift,  signai-to-noise  ratio,  and 
dynamic  range. 

3.1  SYSTEM  DESCRIPTION 

The  system  block  diagram  is  shown  in  Figure  3.1.  The  step-by-step  description  of 
this  system  is: 

(1)  The  RF  oscillator  amplitude  modulates  the  ILD. 

(2)  The  ILD  outputs  approximately  3.0  milliwatts  of  RF  modulated  optical 
power.  The  optical  power  is  primarily  contained  in  a  10  nanometer 
wavelength  region  centered  around  a  central  wavelength  of  650  nanometers. 

(3)  Approximately  1.0  milliwatt  of  optical  power  is  coupled  from  the  ILD  into  the 
optical  fiber. 

(4)  The  multimode  optical  fiber  is  connected  to  the  optical  directional  coupler. 
The  coupler  splits  the  optical  energy  into  two  approximately  equal  amplitudes 
which  are  output  to  optical  fiber  delays  one  and  two. 

(5)  Both  optical  fiber  delays  are  connected  to  the  optical  switch  and,  depending 
on  the  switch  state,  one  of  the  delayed  signals  is  presented  to  the  A  PD. 

(6)  The  APD  converts  a  portion  of  the  received  optical  signal  to  an  electrical 
signal  and  blocks  the  DC  portion  of  this  signal. 

(7)  The  RF  signal  is  AC  coupled  to  an  electrical  lead  connected  to  the  channel 
*B'  input  of  the  oscilloscope. 

(8)  The  reference  RF  signal  is  connected  to  channel  *A'  of  the  oscilloscope. 

(9)  When  the  electrical  signal  is  applied  to  the  switch  the  switch  changes  state, 
lesser  or  greater  delay  is  placed  in  the  system,  and  there  is  an  observable 
phase  charge  between  the  oscilloscope  channels. 
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I  Itt*  observed  phase  change  is  porportional  to  the  path  length  change  divided  hy 
the  KF  wavelength: 


A*  *  (APL/JtRf.)  360 


(D 


a  phase  change 
APL  a  path  Length  Change 
XRF  *  RF  Wavelength. 


The  system  studied  was  a  time  delay  phasing  device.  The  experimental  system 
was  free  from  dependence  of  phase  delay  on  frequency.  It  operated  correctly  from  10 
kilohertz  to  3.9  gigahertz.  The  limit  at  3.9  Gigahertz  was  established  partially  by  the 
semiconductor  laser  bandwidth  and  partially  by  the  bandwidths  of  the  observation 
oscilloscope.  The  important  fact  is  that  this  technology  holds  the  promise  of  a  phase 
shifter  that  is  truly  a  time  delay  device.  The  time  delay  phase  shifter  will  allow 
broadband  phase  array  antennas.  This  particular  technology  could  be  used  to  develop  a 
single  standard  phasing  device  which  could  be  applied  from  10  kilohertz  to  6  gigahertz. 

3.1.1  ILL) 

The  characteristics  of  the  Injection  Laser  Diode  (ILD)  used  in  this  project  are 
shown  in  Table  S.  This  ILD  was  selected,  primarily,  because  its  bandwidth  exceeded  1.0 
gigahertz. 

3.1.2  FIBER 

The  characteristics  of  the  Galite®  optical  fiber  used  in  this  project  are  shown  in 
T  able  6. 
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TABLE  5.  INJECTION  LASER  DIODE  (ILD)  CHARACTERISTICS 


Manufacturer 
Model  Number 
Wavelength 
Bandwidth 

Rise  Time,  Fall  Time 

Optical  Power  Output 

Optical  Power  Coupled 
Into  Fiber 

Emitter  Size 

Half  Power  Beam  Angles 
Parallel  Optical  Plane 
Normal  Optical  Plane 

Fiber  Connector  Type 

KF  Input  Connection 

Optical  Bias  Control 


Optimum  Linear  Response 
(biased  to  center  of  transfer  curve) 

Maximum  Input  Voltage 
Power  Supplies 


B&H  Electronics 
Oct-IOOO 
850  nm 

DC  to  1.5  GHz 
210  ps 

<  10  mW 

<  3  mW 


0.5  x  2  pm 


10  degrees 
50  degrees 

Amp  'Optimate' 

SM  A,  50  ohms 

For  linear  operation,  15  ohms  to 
50  k  ohms  potentiometer 
between  two  'optical  bias* 
terminals.  Terminals  Open: 
laser  below  threshold,  -0.8  V 
turns  laser  completely  on. 
Terminals  Shorted:  laser  fully 
on,  +0.8  V  turns  laser  off. 

Approximately  7250  ohms 


_+  0.4  V  (when  laser  is  set  at 

center  bias  point) 

+  5  V  a  100  mA 
-  5  V  g  100  mA 
+  5  V  @  1.2  A  (for  cooler) 


Case  Size  (inches) 

L  x  W  x  H  2.85  x  2.50  x  1.50 
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TABLE  b.  CALITE®  FIBEK 


Fiber  Diameter 

(a)  Buffer 

(b}  Cladding 

(c)  Core 

Numerical  Aperture 

Maximum  Attenuation 
a  900  mm 

Tensile  Strength 

Bandwidth  (-3  dB) 

Jacket  Material 

(a)  Primary  Insulation 

(b)  Overbraid 

(c)  Cladding  Coat 

Core  Index  of  refraction 


•Kegistered  Trademark  of  E.  I.  DuPont 


231)  micrometers 
125  micrometers  (i  1%) 
50  micrometers 

>  0.21 


<  10  dBAm 
100,000  psi 
810  MHz/km 


Hytrel® 

Kevlar® 

polyurethane 

1.47 
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3.1.3  AVALANCHE  PHOTODIODE  (APD) 

The  APD  characteristics  are  shown  in  Table  7.  The  general  characteristics  of 
APD's  were  discussed  in  Section  2. 

3.1.4  COUPLER 

The  coupler  (Table  8)  used  has  a  power  spfiting  ratio  of  60/40  and  an  excess 
insertion  loss  of  less  than  1.0  dB.  It  is  a  2x2  port  device  and  the  light  transfer  technique 
is  biconical  coupling  of  the  fiber's  higher  order  modes.  As  stated  earlier,  a  fiber  optic 
directional  coupler  was  used  for  the  division  of  light,  input  with  one  fiber,  into  two 
output  fibers.  The  coupler  used  is  commercially  available  and  was  purchased  from 
Canstar  Communications,  Ontario,  Canada. 

This  type  of  directional  coupler  consists  of  fused  fibers.  The  coupler  is 
constructed  by  twisting  two  fibers  around  each  other  and  heating  them  under  tension  so 
that  a  tapering  and  fusing  of  the  core  cladding  region  of  each  fiber  is  produced.  Light 
from  the  input  fiber  is  injected  into  the  cladding  due  to  the  decreasing  angle  of  incidence 
at  the  cladding-core  interface  as  the  light  propagates  down  the  taper.  Because  the  angle 
of  incidence  is  small  for  the  ray  to  be  totally  internally  reflected,  substantial  light  enters 
the  cladding.  Because  the  biconical  fiber  couples  higher  order  modes  first,  only  40%  of 
the  total  energy  can  be  coupled  into  the  other  fiber.  This  is  a  1.7b  dB  difference  in 
splitting  ratio.  The  loss  through  the  coupler  is  typically  well  below  1  dB  with  a 
directivity  of  40  dB.  The  coupler  principles  are  illustrated  in  Figure  3.2. 

3.1.5  OPTICAL  SWITCH 

This  project  used  an  NEC  sliding  prism  switch  to  vary  the  delay  length  in  the 
optical  fiber  path.  The  switch  was  completely  acceptable  for  experimental  purposes,  but 
its  slow  switching  speed  is  unacceptable  for  most  phased  array  antenna  controllers.  It 
could  be  a  useful  device  for  systems  that  require  low  speed  switching  'i.e.,  RF  filters, 
F FT  arrays,  sampling  digitizer,  etc.)  The  characteristics  of  this  switch  are  shown  in 
Table  9. 

3.1.6  CONNECTORS 

Ex  erience  was  gained  in  fiber  optic  connector  construction  while  breadboarding 
the  fiber  optic  phased  array  device.  Several  types  of  connectors  were  constructed  and 
tested;  among  these  were  AMP,  NEC,  TRW  Cinch,  Deutsch,  and  Amphenol.  AMP  and 
NEC  connectors  were  used  in  the  final  system.  The  laser  and  receiver  In  the  system  use 
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I  AUL  t  7.  AVALANCHt  PHOTODIODE  (APL))  CHARACTERISTICS 


Manufacturer 

B&H  Electronics 

Model  Number 

OC-3002LN 

Bandwidth 

DC  to  4  GHz 

Rise  Time,  Fall  Time 

80  ps 

Quantum  Efficiency 

70%  a  0.85  micrometers 

Noise  Figure 

4  dB 

Detector  Area  Diameter 

0.2  mm 

Fiber  Connector  Type 

Amp  'Optimate' 

KF  Output  Connection 

SM  A,  50  ohms 

Cain  Adjustment 

10  to  40  dB  through  an  external 
potentiometer  (15  ohms  to  5000 
ohms)  connected  to  the  two  gain 
adjustment  terminals. 

Power  Supplies 

♦  18  V  a  100  mA 

-  18  V  a  100  mA 

-  150  V  a  10  mA 

♦  5a  1.2  A  (for  cooler) 

Case  Size  (inches) 

L  X  W  x  H 

2.85  x  2.50  x  1.50 

TABLE  tt.  COUPLER  CHARACTERISTICS 


Manufacturer 
Power  Split 
Excess  Insertion  Loss 
Type 


CANSTAR 
60/40 
<  1  dB 

Bi  coni  cal  Taper 


Ports 


2x2 


Port  1 

Light- 
ray 
Input 

Typical 
Ray  Path 

Port  4 

De¬ 
coupled 


Angle  of  Incidence 
Down 


Port  2 
Coupled 


Figure  3.2  Biconical  taper  directional  coupler. 


Manufacturer 

NEC  (Nippon  Electric  Co.,  Ltd. 

Switch  Device 

Sliding  Prims 

Switch  Type 

Bridging 

Insertion  Loss 

<  1.8  dB 

Crosstalk 

<  -60  dB 

Switching  Delay 

<  10  ms 

Drive  power 

12  V,  50  mA 

Dimensions 

26  X  17  X  53  mm 

Weight 


80  grams 
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the  AMI'  connector,  and  the  NKi  switch  use*  the  NEC  connectors.  The  CANSTAK 
coupler  in  the  system  was  delivered  with  fiber  pigtails,  enabling  it  to  be  fitted  with  the 
appropriate  connector.  Preparation  of  the  AMP  and  NEC  connectors  are  similar, 
therefore,  only  the  AMP  was  discussed  in  detail.  The  components  of  the  AMP  connector 
are  shown  in  Section  2. 

3.2  SYSTEM  ANALYSIS  AND  MEASUREMENTS 

The  approach  taken  in  this  analysis  was  to  compute  the  signal-to-noise  ratio  (SNR) 
in  a  single  fiber  delay  line  with  a  CW  signal  because  these  calculations  are  a  necessary 
step  toward  the  analysis  of  a  more  complex  fiber  delay  system.  The  computations 
include  dispersion  effects  in  a  multimode  fiber  and  the  fact  that  the  RF  input  signal  is  a 
pulse,  rather  than  a  CW  signal.  This  section  was  divided  into  several  parts.  The  first 
three  discuss;  (1)  SNR  calculations  for  a  monomode  fiber  delay  line  with  a  CW  signal,  (2) 
SNR  calculations  for  a  multimode  fiber  delay  line  with  a  CW  signal,  and  (3)  calculations 
for  a  multimode  fiber  delay  line  with  a  pulsed  signal. 

The  other  parts  deal  with  temperature  stability,  system  losses,  dynamic  range, 
phase  shift,  and  measured  values  of  some  of  these  quantities. 

3.2.1  DERIVATION  OF  SIGNAL  POWER  FOR  A  MONOMODE  FIBER  DELAY  LINE 

Consider  the  fiber  delay  link  consisting  of  an  RF  source,  an  ILD,  an  optical  fiber, 
and  a  detector.  The  laser  diode  oscillates  at  a  single  optical  frequency  u,  and  the  light 
output  is  modulated  by  an  RF  radar  pulse  with  carrier  frequency  Q,  RF  bandwidth  Fg, 
and  pulse  length  t.  The  optical  fiber  has  a  loss  of  a  dB/km,  and  is  L  km  long.  The 
detector  used  is  an  avalanche  photodiode  (A PD)  followed  by  an  amplifier.  The  output  is 
delivered  into  a  50  ohm  load.  In  this  section,  it  is  assumed  that  the  signal's  carrier 
frequency  and  RF  bandwith  lie  well  within  the  bandwidth  of  the  fiber,  A  PD,  and 
amplifier.  Monomode  fiber  length-bandwidth  products  can  be  as  high  as  hundreds  of 
GHz-km,  the  laser's  bandwidth  is  greater  than  1  GHz,  and  the  bandwidth  of  the  A  PD  is  4 
GHz.  The  above  assumptions  are  well  justified  if  the  carrier  frequency  and  RF 
bandwidth  are  <  1  GHz.  The  modulated  light  output  from  the  laser  diode  is  assumed  to 
be  a  CW  sinusoidal  signal  at  frequency  a,  with  a  modulation  depth  m. 

The  optical  power  fed  into  the  fiber  is  then 

Pjn(t)  ■  P(1  +  m  cos  U  t)  ♦  S(t)  (3.1) 


78 


where  P  is  the  average  optical  power  and  S(t)  is  the  spontaneous  emission  noise  generated 
by  the  laser.  The  magnitude  and  spectral  characteristic  of  this  noise  are  quite 
complicated  and  have  been  investigated  by  several  authors  (References  1  and  2). 
Figure  33  illustrates  the  spectral  properties  of  the  laser  noise  at  different  mean  photon 
levels  in  the  laser  mode.  In  Figure  3.4,  the  mean  photon  level  in  the  laser  mode  was 
related  to  laser  output  power  and  plotted  in  relation  to  the  normalized  noise  power 
(defined  as  laser  noise  power  divided  by  laser  output  power).  This  plot  can  be  used  to 
determine  absolute  noise  power  for  a  specified  laser  operating  power. 

As  observed  from  Figure  33,  the  noise  power  density  shows  a  spike  in  the  RF 
frequency  range  around  2-4  GHz;  this  spike  can  be  orders  of  magnitude  higher  than  those 
in  the  0-1  GHz  range.  This  noise  spike  is  related  to  the  relaxatior  oscillation  of  the  laser 
diode.  In  addition  to  the  unusually  intense  noise  in  this  region,  there  are  other 
undesirable  effects  such  as  high  harmonic  distortion.  Therefore,  the  RF  frequency  should 
be  below  the  frequency  at  which  the  noise  spike  appears  in  the  laser  diode  response,  and 
this  analysis  is  similarly  confined. 

Propagation  of  the  signal  through  a  fiber  of  length  L  attenuates  its  power  by  a 
factor  of  10  a  ^/10,  an(j  hence  the  output  optical  power  is 

•  1U'“  L/1°  Pi„<'  >  (“) 

The  current  generated  by  the  APD  is  proportional  to  the  incident  optical  power  (lumping 
splicing  and  insertion  losses  into  the  attenuation  term)  and  is  given  by 

i(t)  *  (  (Gen  2u )/ ( hw) J  PQut(t)  (33) 

where  G  ;*nd  n  are  the  avalanche  gain  and  the  internal  quantum  efficiency  of  the  APD, 
respectively,  h  is  Planck's  constant,  u  is  the  optical  frequency,  and  e  is  the  electronic 
charge.  Using  Equation  (3.2)  we  have 

i(t)  =  ( (GPen  2ir )/  ( hu)  J  (1  ♦  m  cos  n  t)  10_a  L/1° 

♦  ((Gen  2ir )  /  ( hu) )  S(t)10‘a  L/1°  (3.4) 
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Linear  Frequency,  Hz 


Figure  3.3  Relative  laser  noise  spect.um  for  various  mean  photon 
levels  in  the  laser  mode,  Rp  (from  Reference  2). 

(1)  Np  *  4.96,  (2)  Np  *  1.97,  (3)  Np  *  3.97  x  102, 

(4)  Nd  *  5.95  x  104,  (5)  Np  »  1.19  x  105 


190 


0.1X10 


Figure  3.4 


1X10'3  10X10 

LASER  OUTPUT ,  WATTS 


Low  frequency  (<1  GHz)  normalized  noise  power  versus 
laser  output  power.  Normalized  noise  power  is  defined 
as  absolute  noise  power  per  1  Hz  bandwidth  divided  by 
the  average  laser  power. 


The  first  term  in  Equation  (3*4)  represents  the  signal  current.  The  second  term  is  the 

laser  noise  current  which  will  be  considered  separately. 

This  current  is  then  passed  through  an  amplifier  which  has  bandwidth  &v  and 

2 

current  gain  CA.  The  power  gain  of  the  amplifier  is  G^.  The  signal  current  at  the 
amplifier  output  port  can  be  rewritten  to  include  the  amplifier  current  gain  GA 

i  s  ( t )  »  UCAC  Pen2ir)/(hu)  )  (m  cos  8t )  10-°  1/10  (3.5) 

where  the  DC  signal  term  ((GPen  2a)/(hw))  10”°  in  Equation  (3.4) 

disappears  because  the  amplifier  is  assumed  to  be  AC  coupled  to  the  A  PL).  The  average 
electrical  signal  power  is  given  by 


<Ps>  -  <• j ( t )>  R 
2 

where  K  represents  the  50Q  load  and  <i  (t)>  is  defined  by 

2  1  +T/2  2 

< •  j ( t ) >  -  {  I  i s(* >  dt 

-T/2 

or 

<  i  2  ( t  )  >  -  0.5((GAGPen  2am)/ (  hu>) )  210-a  1/5  (3.6) 

3.2.2  DERIVATION  OF  NOISE  POWER 

We  will  now  consider  four  independent  noise  sources  in  the  fiber  link.  These  are: 
the  dark  current,  laser  noise,  shot  noise  and  thermal  noise  (Reference  3). 

The  shot  noise  current  has  «  mean  square  value  of 

i2  •  2e  T  Av  (3.7) 

shot 

where  I  is  the  average  amplified  current  given  by 

T  =»  L(Ga  Gen  2a )/ ( hw) J  (?  10_a  L/1°)  ♦  CA  i  d  (3.8) 

and  is  the  dark  current  of  the  A  PD. 
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Combining  Equation  (3.7)  and  (3.8)  yields  the  shot  noise  current  generated  in  the 
APD  by  the  optical  DC  bias  term 


=  2e  ((G  2irGen)/(hu) )  (P  10_a  L/1°)  4v 

SHOT 


(3.9) 


The  shot  noise  current  due  to  the  dark  current  has  a  mean  square  value 


■i,  „  *  2ca  *  'd  iv(3-10) 

dark  current 

Background  light  entering  the  APD  in  a  closed  fiber  optic  system  was  assumed  to  be 
negligible. 

The  thermal  noise  current  has  a  mean  square  value  given  by 


.  2 

Nthe  rma  I 


G2  (4  KT/Kl)  Av 


(3.11) 


where  is  the  load  resistance  (50  W )  ,  k  is  the  Boltzmann  constant,  and  T  is  the 
temperature  of  the  system  (including  the  equivalent  noise  temperature  of  the  amplifier). 

The  laser  noise  S(t)  is  attenuated  in  passing  through  the  fiber  and  generates  a 
mean  square  noise  current  at  the  amplifier  output  equal  to 

i2  =  ((GACen  2w)/(hu>)}2  <s2>  10_a  1/5  Av  (3.12) 

laser 

which  takes  into  account  the  amplifier  power  gain  and  bandwidth. 
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Thus,  the  total  noise  power  is 


.2  .2 

'n  “  *N 


shot 


.2  A  ,2  A  .2 

1 N  N  *  N 

thermal  laser  dark  current 


2eC  (  (Gen  2  w  ) /ha» )  J  (P  10_a  L/1°)  Av 


(3.13) 


♦  2e  Ga  i  .  Av  ♦  Ga(4KT/Rl)Av  ♦  [ (G^Gen  2* )/ ( hw) ) 2><S>  ^0  L/5Ai 


The  signal-to-noise  ratio  is 


S/N  =  <i2>  R/  i2  R  =  < i | >/ » n 


S/N  =»  (0.5)  [  (G^GPerjm  2*)/(hu>))2  10“a  L/5)/  i2  (3.14) 

2 

where  *N  is  given  by  Equation  (3.13).  Equation  (3.14)  is  the  final  form  of  the  SNR  for 
a  monomode  fiber  delay  link  with  a  CW  signal. 

3.2.3  NUMERICAL  ESTIMATIONS 

In  this  section,  the  contributions  of  the  four  noise  terms  will  be  estimated. 

Typical  parameters  for  a  silicon  avalanche  photodiode  in  the  FOSF  system  are: 

G  »  100,  n  =  0.6,  and  i^  *  dark  current  =  16  nA 


Hence, 

(Gen  2*/h»)  a  4i.i  ampere/watt  around  the  wavelength  of  GaAs  laser  diodes 
(650  nm) . 


84 


'  AO-AliB  763  GEORGIA  INST  OF  TECH  ATLANTA  ENGINEERING  EXPERIMENT  —ETC  F/G  17/9 
A  FIBER  OPTIC  BEAM  CONTROLLER  FOR  PHASED  ARRAY  RADARS. (U) 
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The  DC  bias  power  coupled  from  the  laser  diode  Into  the  optical  fiber  is 
approximately  0.5  mW.  Hence,  the  shot  noise  contribution  Is 


2e((GAGen  2ir)/(hw))P  10'“  L/1°  -  6.6  X  10-21  CA  10"°  L/1°  A2/Hz 
The  dark  current  contribution  is 


2eid  Ga  =  5.1  X  10'27Ca  A2/Hz 

Assuming  an  ambient  temperature  of  300  K  and  a  noise  figure  of  6  dB,  the  thermal  noise 
contribution  is 

C2(4KT/Rl)  «  1.3  X  10“21  G2  A2/Hz 


The  laser  noise  power  is  determined  by  specifying  the  average  laser  output  power  in 
Figure  3.4  and  by  multiplying  that  quantity  by  its  corresponding  normalized  noise  power 
(defined  as  the  laser  noise  power  divided  by  average  laser  output  power).  Given  an 
average  optical  output  of  1.5  mtV  from  the  laser  diode,  the  laser  noise  power  is 
approximately  <S  >  **  7.2  X  10  watt/Hz.  The  optical  noise  power  launched 
into  the  fiber  is  about  33%  of  <S2>,  or  2.4  X  10”^  watt/Hz.  Hence,  the  electrical 
laser  noise  power  at  the  amplifier  output  is 


((GaG  en  2ir )/  ( hw) )  2  <S2>  1o"a 
4.1  X  10-18  10‘a  1/5  C2  A2/Hz 


The  electrical  signal  power  is 
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0.5  ^ (Gen  2*  Pm)/{hw)jz  10 


2  10-«  L/5  c2 


2.1  X  10“4  m2  10'°  1/5  C2  A2 


Thus,  the  signal-to-noise  ratio  is 


A  m2  10"a  L/5G, 


(B  10‘°  1/10  ♦  C  ♦  CAl>  ♦  GaE  10‘a  L/S)  Av 


(3.15) 


where 


A  =  2.1  X  10-4 

(signal) 

8  a  6.6  X  10“21 

(shot  noise) 

C  *  5.1  X  10“ 27 

(dark  current  noise) 

L>  »  1.3  X  10"21 

(thermal  noise) 

E  *»  4.1  X  10“18 

(laser  noise) 

Equation  (3.15)  is  the  principal  result.  The  contribution  of  the  various  noises  as  a 
function  of  fiber  length-attenuation  product  is  shown  in  Figure  3.5.  If  the  attenuation  is 
1  dB/km,  then  the  x-axis  will  be  scaled  in  km.  Furthermore,  for  a  fiber  loss  of  1  db/km, 
laser  noise  dominates  for  L  <  15  km,  and  the  signal-to-noise  ratio  is  approximately 
constant. 


S/N  -  (A  m2 )/ ( E  Av)  «  5,1  X  1013  m2/Av 


(3.16) 


m,  the  modulation  index,  was  chosen  to  be  1. 

Beyond  15  km,  the  SNR  is  fiber  length  dependent,  because  the  dominant  noise  in 
this  region  (i.e.,  thermal  noise)  is  Independent  of  aL ,  whereas  the  signal  continues  to 
decrease  with  «L . 
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NOISE  POWER  SPECTRUM  (dBW/Hz) 


Hence,  the  SNR  is  given  by 


S/N  -  (A  m2  tO_a  L/5)/(D  Av ) 


or 


S/N  a  (1.6  X  1017  m2  10_a  L/5)/Av 


The  SNR  in  dB  for  L  >  20  km  is  linear  with  respect  to  aL  as  indicated  in 
Figure  3.4. 

3.2.4  L>E KIVATiON  OF  SNR  FOR  A  MULTIMODE  FIBER  DELAY  LINE  WITH  A  CW 
SIGNAL 

In  previous  alculations,  it  was  assumed  that  the  carrier  signal  falls  within  the 
transmission  bandwidth  of  the  optical  fiber.  For  single-mode  fibers,  the  bandwidth- 
length  product  can  be  as  high  as  100  GHz-km  (assuming  a  single  mode  laser  source),  while 
multimode  fibers  are  commonly  in  the  range  of  1  GHz-km.  For  a  2  km  delay  line  with  a 
signal  having  a  carrier  frequency  of  1  GHz,  for  example,  the  signal  lies  comfortably 
within  the  bandwidth  of  a  single  mode  fiber,  but  not  a  multimode  fiber.  This  effect  will 
now  be  included  and  its  consequences  will  be  examined. 

The  bandwidth-limiting  factor  in  multimode  fibers  is  intermodal  dispersion. 
Multimode  fibers  support  a  large  number  (several  hundred)  of  transverse  optical  modes 
due  to  their  relatively  large  size.  These  transverse  modes,  however,  each  carrying  a 
sinusoidal  modulation,  travel  down  the  fiber  at  different  group  velocities.  Hence,  the 
received  signal  is  a  sum  of  sinusoids  of  different  phases.  The  result  is  a  lowering  of  the 
modulation  depth  as  compared  with  that  at  the  input  where  each  mode  carries 
modulation  with  the  same  phase  (Appendix  A.) 

The  amount  of  intermodal  dispersion  in  a  multimode  fiber  is  usually  specified  in 
time-spread/km.  When  an  optical  impulse  is  fed  into  the  fiber,  the  output  can  be 
approximated  by  a  gaussian  pulse  with  half-width  increasing  linearly  with  fiber  length. 
(See  Reference  4.)  Thus,  the  impulse  response  of  the  fiber  is 
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g(t ) 


1/  ( Y  L  /  ir )  exp  (*t2/(Y2L2)) 


(3.17) 


where  the  intermodal  dispersion  constant  (  y  )  i*  measured  in  nsAm  and  L  is  the  total 
length  of  the  fiber  in  km.  The  factor  (1/(y  L  /*))  is  a  normalization  constant 
required  for  power  conservation. 

The  response  of  the  fiber  due  to  an  arbitrary  input  is  given  by  the  convolution 
integral 

00 

Pout(T)  "  [m  Pin  <t_T>*(t)dt  (3.18) 

For  a  purely  sinusoidal  input  with  modulation  depth  m, 


t  P|n(t)=P(1*m  cos  Qt ) 

l 

I 

J 

1  and  the  output  is 

Pout  (*)  a  p  (1  ♦  rn  exp  ( -  y  L  0/2)2  cos  Q  t)  (3.19) 

where  t  was  substituted  for  the  variable  t.  Hence  the  modulation  depth  is  reduced  to 

an  effective  value 

m'  ■  m  exp  ( -y  1-0/2)  2  (3.20) 

j  Details  of  the  calculation  are  described  in  Appendix  B.  Since,  according  to  Equation 

I  (3*15),  the  signal-to-noise  ratio  is  proportional  to  m2,  It  follows  that  the  SNR  decreases 

I  2  2  2 

j  as  exp  ( - y  L  Q  /2).  This  effect  was  included  in  Figure  3.6  for  two  modulation 

!  frequencies.  The  effect  is  a  sharp  reduction  in  SNR  once  the  modulation  frequency  falls 

outside  the  fiber  bandwidth.  As  long  as  this  Is  not  the  case,  the  difference  between 
single  mode  and  multimode  fibers  is  minimal.  For  a  100  m  multimode  fiber,  this 
j  requirement  is  satisfied  if  the  modulation  frequency  is  equal  to  or  less  than  1  CHz. 


TOWL  >OTWUTOW  m  HBBf  (DBJ 


Figure  3.6 


Signal- to-notse  ratio  versus  total  attenuation  In  multimode 
fiber 


Good  agreement  was  obtained  between  measured  and  calculated  SN  R  values  when 
a  short  optical  transmission  line  (~  1  m)  was  tested  with  a  10  MHz  sinusoidal  signal. 
The  bandwidth  of  the  system  was  100  MHz.  Figure  3.7  is  a  plot  of  measured  SNR  versus 
the  logarithm  of  the  AC  input  voltage,  Vjn<  The  relationship  between  SNR  and  Vjn  is 

SN  R  »  20  log  (VyV,^) 

where  VQ  is  the  peak  to  peak  output  signal  and  VN  is  the  rms  noise  voltage,  if  the  system 
is  linear,  then  VQ  is  directly  proportional  to  V|n.  Hence,  a  plot  of  SNR  (in  dB)  versus  log 
Vjn  should  also  be  linear.  This  fact  is  indicated  in  Figure  3.7.  For  Vjn  =»  0.8  V  peak  to 
peak,  the  laser  output  power  was  oscillating  between  0  and  3  mW  and  the  DC  bias  was  set 
at  1.5  mW.  These  conditions  correspond  closely  to  the  assumptions  made  in  the 
analysis.  Thus,  the  measured  SNR  at  V|n  =  0.8  V  should  be  similar  to  the  analytical  SNR 
at  aL  =  0  in  Figure  3.5.  The  actual  values  are 

Calculated  SN  R  »  57  dB 
Measured  SNR  -  54  dB 


3 .2 3  POWER  CALCULATIONS  OF  A  PULSED  SIGNAL  IN  A  MULTIMODE  FIBER 

DELAY  LINE 

This  section  describes  the  interaction  of  a  pulsed  optical  signal  with  the  response 
function  of  a  multimode  fiber  as  a  function  of  fiber  length  and  pulse  width  of  the  input 
signal.  Details  of  the  calculations  are  given  in  Appendix  C. 

In  previous  sections,  the  RF  input  signal  was  assumed  to  be  a  continuous  sinusoidal 
signal  of  frequency  0  with  a  fixed  modulation  index  m,  i.e., 


P  i  n  (  t  )  m  P(1  ♦  m  cos  ft  t  ) 


In  this  section,  the  RF  signal  is  not  continuous,  but  assumes  a  pulse  shape  with  a  Gaussian 
envelope.  The  optical  signal  power  launched  into  the  multimode  fiber  is  given  by 
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P .  n  ( t )  -  P(1  ♦  m  e“at  cos  fit)  (3.21) 

where  a  is  related  to  the  standard  deviation  of  the  input  pulse.  The  output  power  is 
given  by  the  convolution  of  Pjn(t)  with  the  impulse  response  function  of  the  fiber 
(Equation  (3.18)).  Hence  PQUt  can  be  written  as 

_  , 

Po  t(t)  a  P/(Y  L  /  ir )  /  1  ♦  m  exp  (-a(t-t)  ) 

*  QO 

cos  fl  (t  -  t)  exp  (-t2/(Y2i-2)dt  (3*22) 

The  solution  to  the  integral  is 

.  - ^ 

P  (t)  a  p  (1  *  m  e  cos  k l'  t)  (3.23) 

out  ' 

where 

m  exp  ((-a2  Y2  i-2)/(*Y2  L2  a  ♦  4)j 

u  «  q/(«y2l2  ♦  1) 


and 


2  2 

a/(0Y  L 


1) 


Note  that  if  <xy2L2  <<  1,  Equation  (3.23)  reduces  to  Equation  (3.21).  The  convolution 
can  change  the  modulation  frequency  a.  This  phenomenon  is  explained  by  invoking  the 
Fourier  representation  of  the  convolution  integral,  i.e..  Equation  (3.18)  can  be  written  as 

-  F”  <F(FL>  Fl‘>> 
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where  F(Pjn)  and  F(g)  are  the  Fourier  transforms  of  Pjn(t)  and  g(t),  respectively,  and  F-1 
denotes  the  inverse  Fourier  transform.  For  example,  if  the  input  signal  Pjn(t)  has  a  wide 
pulse  width,  then  the  Fourier  transform  of  Pin  will  be  narrow  in  extent.  Furthermore,  if 
the  fiber  dispersion  (i.e.,  y  L)  is  small,  then  the  Fourier  transform  of  g(t)  will  be 
essentially  constant  over  the  extent  of  F(Pj0).  In  this  case,  F(P|n)  will  be  essentially 
unchanged  by  F(g).  I f  the  converse  is  true,  i.e.,  if  PjB(t)  a  narrow  pulse  and  y  L  is 
large,  then  F(Pjn)  will  be  changed  significantly  by  F(g)  which  means  there  exists  a  large 

interaction  between  the  fiber  response  function  and  the  input  pulse  Pin(t). 

2  2  ~9 

We  will  now  address  the  magnitude  of  the  term  ay  L  .  y  *  0.2  x  10 
s/km,  L  <  100  m,  and  a  is  related  to  the  standard  deviation  of  the  pulse  according  to 
Equation  (3.24). 

ct  =*  1/2o2  (3.24) 


Assuming  a  10  nanosecond  pulse  width,  i.e.,  3o  =  10  s,  then 
o  =  0.3  X  10  j  and  a  =  5.6  x  ID16  5"^ 

Hence, 


dY2L2  =  2.2 


x  10 


-5 


The  change  in  frequency  is  now  calculated  as 
* 

40  s  ii  ■  ii  ?  fl  *  U/(e  ♦  1)  =  efl 


where 

2.  2 

t  s  «T  L 

If  U  is  assumed  to  be  500.  MHz,  then  AM  is  11  kHz. 

The  inevitable  conclusion  is  that  in  a  multimode  fiber  link  the  change  in  frequency 
is  negligible  if 
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2  2 

<rr  l  «  1 


(3.25) 


If  a  is  defined  as  in  Equation  (3.24),  the  inequality  in  Equation  (3.25)  reduces  to 


a2  »  y2L2/2  (3.26) 

which  states  that  the  variance  of  the  input  signal  must  be  much  greater  than  the  total 
change  in  variance  for  the  frequency  change  to  be  negligible. 

In  the  expansion  of  the  Gaussian  wave  packet  within  the  fiber  delay  the 
expansion  parameter  a'  is  given  by 

a'  =  a/ (  oy 2 L 2  ♦  1)  -  1/2a'2 

Solving  for  the  new  variance  yields 


o'2  =  « 


2  2 

«Y  L  *  1 
2a 


The  change  in  variance  between  the  input  and  output  pulse  is  given  by 


a 


2 

D 


(3.27) 


where 


2  1 

0  «  ~— 
o  2a 


Hence, 


o2  =  ((aY2L2*1)/(2a)}  -  1/2a 
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or 


2 

aD 


This  result  clearly  demonstrates  that  changes  in  the  variance  of  the  input  pulse  width 
are  proportional  to  fiber  length  L  and  the  dispersion  constant  y  in  a  multimode  FO 
transmission  line. 

The  inequality  in  Equations  (3.26)  can  now  be  rewritten  as 


2 

In  words,  the  variance  of  the  pulse  a  must  be  much  greater  than  the  changes  in 
variance.  To  obain  an  estimate  of  the  wave  packet  expansion,  we  must  first  express  the 
pulse  amplitude  at  the  -  3  dB  point  in  terms  of  a  since  y  was  also  measured  at  that 
point,  i.e.,  we  must  solve  Equation  (3.28)  for  t 


0.5  =  exp  ( -t^  5/2a2 ) 
or 


(3.28) 


t 


0.5 


1.18  a 


Thus,  variance  expansion  at  the  -3  dB  point  is  given  by 

E-3dB  *  *  <1*18)2  Y2L2/2  »  0.7  yV 


Let  L  *  20  m,  and  y  =  0.2  nsAm.  Then, 


E - 3dB  "  °-01  ps’ 
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3.2.6  TEMPERATURE  STABILITY 

Temperature  variations  affect  the  output  intensity  of  injection  lasers  and  the 
sensitivity  of  the  photodiodes.  For  example,  APDs  exhibit  wavelength  shifts  of  0 A 
nm/°C  to  0.5  nm/°C  at  the  peak  of  the  response  curve  (Reference  5),  and  lasers  show  a 
shift  toward  higher  threshold  currents  with  increasing  temperature  accompanied  by  a 
change  in  the  slope  of  the  transfer  curve  (Reference  6).  Both  effects  have  been 
eliminated  with  temperature  compensating  circuitry  for  the  laser  and  the  APD  used  in 
this  project. 

Temperature  changes  also  affect  the  propagation  time  of  an  optical  signal  in  a 
fiber.  The  change  in  propagation  delay  6x/6T  for  a  fiber  is  given  (Reference  7)  by: 


6  X 

6T 


2 

c 


f  6n 
1  6T 


n 

n  Tr  J 


(3.29) 


6L/6T  is  the  change  in  fiber  length  with  temperature  which  can  be  expressed  as 
6L/6T  =  aL,  where  a  =  8  X  10  /°C  is  the  linear  thermal  expansion 

coefficient  for  the  combined  silica  fiber  core  and  cladding  and  6n/6T  is  the  index  of 
refraction  at  the  center  of  the  fiber  core.  6L/6T  can  be  replaced  with  0L  in  Equation 
(3.29)  and  L  can  be  factored  out.  The  terms  that  remain  within  the  brackets  are  6n/6T 
and  an.  For  multimode  silica  fibers,  6n/6T  was  measured  (Reference  8)  to  be 
1  X  10'5/°C  over  a  temperature  range  of  -40°C;  to  +  70°C  which  is  much  greater  than 
na(na=  1.2  X  10  b).  Therefore,  propagation  delay  changes  in  multimode  silica 
fibers  are  primarily  due  to  refractive  index  variations  with  temperature. 

Of  importance  here  is  the  maximum  allowable  temperature  variation  in  the  fiber 
delay  network,  assuming  the  difference  in  delay  changes,  Ax,  between  any  two  fiber 
delay  lines  routed  to  different  transmission  elements,  is  specified  to  be  <  t  0.01  ns.’(  Let 
fix  be  the  delay  change  for  the  largest  delay  which  has  an  effective  fiber  length'  L.,. 
Let  6x2  be  the  delay  change  for  the  smallest  delay  with  a  corresponding  effective  fiber 
length  L2«  Then  Ax  is  given  by 


Ax  »  6x^ 


(330) 
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where  L1  -  L2  is  taken  to  be  the  difference  (19.8  m)  between  the  longest  20  m  and  the 
shortest  (0.2  m)  multimode  fiber  and  6N/6T  is  10”®/°C.  Substituting  these 
parameters  into  Equation  3.30  and  solving  for  $T  yields  a  maximum  allowable 
temperature  change  of  about  t1S°C. 

3.2.7  MAXIMUM  SNR 

The  maximum  SNR  of  the  multimode  fiber  delay  line  is  defined  as  the  ratio  of 
maxiumum  to  minimum  detectable  output  power.  The  minimum  detectable  power  for 
short  fibers  is  obtained  when  the  signal  power  is  equal  to  the  average  laser  noise  power. 
Thus,  the  calculated  maximum  SNR,  is 


SNRC=  <|  >/<N2laser>  (331) 

2 

where  <i  s>  is  the  maximum  signal  power.  This  calculated  value  is  the  maximum  SNR 
at  a  L  <  15  dB  which  is  57  dB  for  a  100  MHz  system  bandwidth. 

The  measured  maximum  SNR  can  be  derived  from  Figure  3.8  which  shows  the 
system's  gain  linearity.  The  two  curves  (A&B)  differ  because  they  were  taken  with 
different  gain  amplifiers  in  the  circuit.  The  B  curve  amplifier  was  limited  to  500  MHz 
bandwidth  while  the  A  curve  amplifier  exceeded  one  gigahertz  in  bandwidth.  VQ  is  the 
output  voltage  and  Vj  is  the  input  voltage.  The  range  extends  from  a  minimum 
observable  VQ  of  0.0053  to  a  maximum  VQ  of  4.0  volts.  The  measured  value  is 

SNKm  *  20  log  (VQ  max-^oMIn) 

SNRm  »  57  dB 

which  is  in  good  agreement  with  the  calculated  value. 

3.2.8  ANALYSIS  SUMMARY 
3 .2.8.1  induced  Delay/induced  Pulse  Spreading 

A  multimode  fiber  transmits  several  hundred  modes  which  are  slightly  displaced  in 
time  at  the  fiber  exit  plane.  If  the  original  pulse  launched  into  the  fiber  is  Gaussian, 
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these  multiple  delayed  pulses  will  overlap  and  produce  a  slightly  broadened  Gaussian 
pulse.  The  net  result  is  an  induced  pulse  spreading  with  a  concurrent,  but  much  lesser, 
effect  on  the  KF  carrier.  The  pertinent  inequality  is: 


2 

o 


>> 


2 

°D 


2  2 
where  a  is  the  variance  of  the  input  Gaussian  pulse  and  is  the  induced  spread  in 

variance  defined  by 

2  2  2 

°D  “  *  L  /2  <U2) 

y  is  the  fiber  dispersion  in  nanoseconds  per  kilometer  and  L  is  the  fiber  length  in 

kilometers.  The  above  equation  and  inequality  assert  the  following:  (1)  The  variance  of 

the  induced  pulse  spreading  is  proportional  to  the  square  of  the  total  dispersion  in  the 
2  2 

system  defined  by  y  L  ,  and  (2)  the  variance  of  the  input  pulse  must  be  much  greater 
than  the  induced  spread  in  variance  for  the  delay  fiber  to  function  as  a  coherent  device. 

3-2*8*2  S/N  Ratio 

The  system  has  a  maximum  theoretical  S/N  ratio  of  approximately  57  dB  for  a 
bandwidth  of  100  MHz.  The  measured  S/N  ratio  was  57  dB  for  the  same  conditions. 


3.2.9  PHASt  SHIFT 

This  section  will  quantify  the  delay  caused  by  precisely  cut  fibers.  The  time  delay 
(D)  caused  by  a  fiber  of  length  L  is  given  by: 


D 


L  h  L£ 
c/n  c 


D 

L 

V 

c 

n 


time  delay  caused  by  fiber 
length  of  fiber 

velocity  of  light  propagation  in  fiber 
velocity  of  light  in  free  space 
index  of  refraction  of  optical  fiber. 


(3.33) 
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The  difference  in  the  lengths  of  the  two  test  fibers  was  measured  to  be  4.20 
centimeters.  This  is  the  total  difference  in  the  light  path  because  the  remaining  path 
lengths  are  common  to  both  switch  states.  The  index  of  refraction  of  the  optical  fiber 
was  from  1.47  at  the  core  to  1.45  at  the  cladding  ,  and  it  varied  as  a  parabolic  curve. 
Since  the  individual  group  velocities  of  the  modes  within  the  fiber  depend  on  the  various 
group  indexes  of  the  modes,  the  index  of  refraction  at  the  very  center  of  the  core  of  the 
graded  index  fiber  is  used.  Using  these  values,  along  with  the  speed  of  light  (c  =  2.98  x 
10®  meters/second),  the  time  delay  caused  by  the  difference  in  fiber  lengths  is: 


L> 


(0.042  meters )  (1.47) 
(2.98  x  10®  meters/second) 


0.2072  nanoseconds  (3.34) 


If  the  laser  is  KF  modulated  with  frequency  F,  then  the  period  of  one  cycle  is  the  inverse 
of  the  frequency,  and  the  phase  difference  caused  by  a  time  delay  is  given  by: 

<f>  *  y  (360°)  ■  DF  ( 360°  )  (3.35) 

<t>  =  (0 .2072  x  10’9  seconds)  F(360°) 

=  (7.459  x  10"®  degrees)  (F) 

=  74.59  degrees  per  1  GHz 

The  difference  in  length  of  the  test  fibers  corresponds  to  a  delay  of  74.59  degrees  phase 
difference  per  GHz  of  KF  frequency.  The  phase  difference  is  linearly  proportional  to 
frequency.  The  calculated  phase  difference  from  2  GHz  to  4  GHz  is  plotted  (solid  line)  in 
Figure  3.9. 

3.2  9.1  Measured  Phase  Shift 

The  phase  difference  due  to  the  switchable  fiber  length  difference  was  measured 
using  both  Hewlett  Packard  (HP)  8410  network  analyzer  system  and  a  Tektronix  sampling 
scope.  The  HP  8410  enabled  measurements  to  be  made  from  2  GHz  to  4  GHz,  however,  a 
lower  frequency  (0.1  GHz  to  2  GHz)  sweeper  was  unavailable.  The  measured  phase 
difference  as  a  function  of  frequency  is  shown  in  Figure  3.9.  The  measured  values  show 
excellent  agreement  with  the  calculated  values  and  also  show  the  linearity  of  the  fiber 
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FREQUENCY  CGHz) 


Figure  3. 


Measured  and  calculated  phase  difference  of 
optical  fiber  pair  In  test  system. 
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optic  delay  system.  The  error  of  the  measured  phase  difference  using  the  HP  8410  is 
approximately  two  degrees. 

A  Tektronix  Sampling  Oscilloscope,  consisting  of  a  7613  mainframe  and  5-2 
sampling  head,  was  also  used  to  measure  the  phase  difference.  The  S-2  has  a  bandwidth 
of  DC  to  4  GHz.  The  phase  difference  measurement  error  using  the  oscilloscope  was 
much  greater  than  that  for  the  8410  network  analyzer,  therefore,  only  the  measured 
values  using  the  network  analyzer  are  plotted.  Figure  3.10  shows  oscilloscope  display  at 
1,  2,  3,  and  4  GHz.  In  each  picture,  the  RF  signal  through  both  of  the  fiber  paths  were 
superimposed  by  double  exposing  the  film.  The  RF  signal  generator  was  used  to  trigger 
the  oscilloscope  so  that  the  phase  difference  displayed  is  the  true  phase  difference.  In 
each  of  the  four  pictures,  the  smaller  and  larger  signals  correspond  to  the  shorter  and 
longer  length  fibers,  respectively. 

The  difference  in  the  amplitude  of  the  two  signals  was  caused  by  excess  loss  in  the 
connector  for  the  shorter  fiber.  As  the  frequency  increases,  one  can  see  that  the  phase 
difference  increases,  i.e,  the  larger  sine  wave  slides  further  past  the  smaller  sine  wave. 
From  both  the  network  analyzer  and  oscilloscope  measurements,  excellent  agreement 
was  found  with  the  calculated  values. 

3.10  FREQUENCY  RESPONSE 

The  frequency  response  of  the  laser-receiver  system  is  shown  in  Figure  3.11.  The 
data  plotted  was  taken  at  the  factory  with  a  fiber  connecting  the  laser  to  the  receiver, 
and,  thus,  losses  due  to  the  coupler  and  switches  are  not  incorporated.  The  S2-j 
parameter  plotted  is  the  gain  when  the  A  PD  is  terminated  in  a  matched  50  ohm  load. 
The  laser  and  receiver  limit  the  frequency  response  of  the  fiber  optic  phasing  system, 
since  the  lengths  of  fibers  used  have  negligible  pulse  dispersion  and  the  coupler  and 
switch  are  extremely  broadband  devices.  The  two  data  sets  plotted  in  Figure  3.11  are 
similar  in  shape,  and  both  show  fairly  uniform  response  out  to  3  GHz.  The  advertised 
guaranteed  bandwidths  for  the  laser  and  receiver  are  1.5  GHz  and  4.5  GHz, 
respectively.  The  measured  response  shows  that  the  actual  response  of  the  laser  is  much 
greater  than  the  advertised  bandwidth.  The  magnitude  of  the  gain  of  the  entire  fiber 
optic  phased  system  would  be  much  less  (-5  to  -15  dB)  than  the  plotted  values.  The 
variance  in  the  gain  is  due  to  connector,  coupler,  and  switch  losses  and  the  bias  point  of 
the  laser. 


1  GHz  Signals  Showing  Phase  Delay 


2  GHz  Signals  Showing  Phase  Delay 
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3  GHz  Signals  Showing  Phase  Delay 


4  GHz  Signals  Showing  Phase  Delay 


Figure  3.10  Oscilloscope  Display  at  1,2,3  and  4  GHz 
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Figure  3.11.  Laser-receiver  system  gain  vs.  frequency. 

Both  curves  found  experimentally  using 
laser  #2807. 
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SECTION  4 
CONCLUSIONS 


The  conclusions  drawn  from  the  general  experience  gained  in  executing  this 
project  and  the  information  extracted  directly  from  the  experiment  are  contained  in  this 
report  section.  The  conclusions  drawn  consider:  (1)  The  meaning  of  the  experimental 
results,  (2)  The  projection  of  these  results  into  future  hardware,  and  (3)  The  impact  of 
this  future  hardware  on  radar  system  designs.  It  is  necessary  to  combine  the 
experimental  results  with  some  model  of  future  technology  before  coherent  conclusions 
can  be  drawn. 

4.1  CONCLUSIONS  DRAWN  FROM  EXPERIMENTAL  RESULTS 

The  conclusions  drawn  from  experimental  results  are: 

(1)  A  discrete  component  experimental  time  delay  phased  array  radar  can  be 
built  with  commercially  available  technology. 

(2)  A  practical  time  delay  phased  array  radar  cannot  be  built  with  commercially 
available  technology. 

(3)  The  principal  technology  problem  is  the  lack  of  a  commercial  multimode 
optical  switch  with  suitable  characteristics. 

4.2  CONCLUSIONS  DRAWN  FROM  EXPERIMENTAL  RESULTS  AND  AN  INTUITIVE 

MODEL  OF  NEAR  TERM  TECHNOLOGY  CHANGES 

The  experimental  results  are  combined  with  other  data  and  the  conclusions  drawn 

are: 

(1)  The  combination  of  the  time  delay  precision  (10  ps)  and  the  time  delay 
magnitudes  (1  ps)  achievable  in  an  optical  waveguide  has  no  direct 
competition  from  other  technologies. 

(2)  The  monomode  optical  switch  problem  has  been  solved  in  the  laboratory  and 
fast  commercial  switches  will,  in  time,  become  available. 

(3)  The  time  delay  antenna  will  become  technologically  practical. 

(4)  There  is  insufficient  information  available  to  determine  if  the  time  delay 
phased  array  antenna  will  become  economically  practical. 
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4.3  IMPACT  ON  RADAR  SYSTEM  DESIGN 

The  impact  of  the  low  loss,  wide  bandwidth,  and  electrically  passive  fiber  optic 
components  on  radar  system  design  is  difficult  to  fully  predict.  The  several  obvious 
conclusions  are: 

(1)  The  antenna/transmitter  can  be  remote  from  the  remainder  of  the  radar 

(2)  The  subsystems  of  the  radar  could  be  organized  around  a  fiber  optics 
communications  bus.  This  would  require  the  subsystem  designs  to  be  tightly 
coupled  to  the  bus  design,  but  would  isolate  subsystem  designs.  Computer 
architecture  design  technology  could  be  adapted  to  radar  system 
architecture. 

(3)  A  successful  fiber  optics  time  delay  phasing  device  will  increase  the 
economic  vitality  of  the  distributed  amplifier/sub-antenna/receiver  approach 
to  phased  array  radar  system  design. 

(4)  Spatial  and  temporal  processing  of  radar  signals  in  optical  fiber  network  will 
occur  at  gigahertz  data  processing  rates  which  is  orders  of  magnitude  faster 
than  current  or  near-term  projections  for  digital  processors. 
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SECTION  5 

RECOMMENDATIONS 


The  recommendations  of  this  section  are  keyed  to  a  value  judgement  by  RADC. 
This  value  judgement  is  implicit  in  these  two  questions: 

(1)  Does  a  time  delay  phased  array  antenna  have  value  if  its  beam  switching 
speed  is  limited  to  a  few  hundred  beams  per  second? 

(2}  Are  a  large  number  of  beams  per  second  (i.e.,  0.1  x  106  to  1.0  x  106  per 
second)  so  fundamental  to  the  utility  of  the  time  delay  array  antenna  that 
the  optical  switch  problem  should  be  resolved  before  other  work  is 
performed? 

5.1  YES  TO  QUESTION  ONE  AND  NO  TO  QUESTION  TWO 

If  the  answers  to  these  questions  are  YES-ONE  and  NO-TWO,  then  it  is 
recommended  that  a  time  phased  device  be  constructed  from  four-position  mechanical 
optical  switches  and  passive  couplers.  This  device  will  need  1024  states. 

The  recommended  device  is  illustrated  in  Figure  5.1.  The  sequential  steps  in  the 
operation  of  the  time  delay  unit  are:  (1)  The  modulated  light  is  injected  into  the  single 
port  of  the  optical  switch,  (2)  The  switch  connects  the  light  through  one  of  four  possible 
delay  paths,  and  (3)  The  light  is  recombined  by  a  4  to  1  directional  coupler.  Five  time 
delay  units  are  connected  as  shown  in  this  figure.  The  achievable  delay  for  this  five  unit 
system  is  12  wavelengths  with  a  resolution  of  5.625  degrees.  The  number  of  distinct 
states  are  four  to  the  fifth  power,  or  1024.  In  an  array  antenna  which  uses  this  approach, 
each  state  corresponds  to  a  beam  position. 

The  selected  switch  is  the  Bell  Laboratories  developed  mechanical  switch 
described  in  Section  2  of  this  report.  These  switches  are  known  to  switch  in  a  few 
milliseconds,  to  exhibit  losses  less  than  0.5  dB,  and  to  be  reliable.  Because  they  are  a 
l-to-4  device  they  reduce  the  number  of  stages  relative  to  a  1-to-2  device. 

5.2  NO  TO  QUESTION  ONE  AND  YES  TO  QUESTION  TWO 

If  the  answer  to  these  two  questions  is  a  NO-ONE  and  YES-TWO,  then  it  is 
recommended  that  an  electro-optical  or  magneto-optic  multimode  switch  development 
be  started.  As  back-up  to  the  multimode  switch  development,  an  investigation  of  single 
mode  switches,  fibers,  couplers,  and  connectors  for  the  time  delay  device  is  also 
recommended. 
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1  switch  time  delay  phasing  system. 


The  execution  of  the  effort  associated  with  multimode  switches  would  entail: 

(1)  Gathering  of  detail  fabrication  techniques  from  the  developing  laboratory. 

(2)  Transfer  of  these  fabrication  techniques  to  Georgia  Institute  of  Technology's 
micro-fabrication  center. 

(3)  Fabrication  of  example  switches. 

(4)  Test  and  evaluation  of  these  multimode  optical  switches. 

The  execution  of  the  parallel  activity  for  the  monomode  electro-optical  switch 
would  entail: 

(1)  Gathering  of  detail  fabrication  techniques  from  the  developing  laboratory. 

(2)  Transfer  of  these  fabrication  techniques  to  Georgia  Institue  of  Technology's 
micro-fibraction  center. 

(3)  Fabrication  of  example  switches. 

(4)  Test  and  evaluation  of  these  monomode  switches. 

(5)  Test  and  evaluation  of  the  coupling  to  these  monomode  switches. 

(6)  Test  and  evaluation  of  the  monomode  fiber  delays,  light  source,  detectors, 
couplers,  and  connectors. 

The  monomode  case  entails  both  the  fabrication  of  switch  samples  and  a  full  test 
of  other  monomode  components  of  a  fiber  optics  phasing  device. 

Beyond  these  immediate  developmental  research  recommendations  lies  the 
possibility  of  the  fully  integrated  electro-optical  time  delay  device.  In  this  hypothetical 
device,  the  input  RF  amplifiers,  oscillators,  optical  sources,  optical  fiber,  optical 
switches,  optical  couplers,  optical  detector,  and  output  RF  amplifier  are  integrated  on  a 
single  GaAs  chip.  This  chip  is  inserted  between  the  RF  source  and  the  power  amplifier 
associated  with  each  element  of  a  distributed  array  antenna.  The  presently  unknown 
economics  of  this  custom  chip  could  be  greatly  improved  by  its  ability  to  serve  on 
antennas  with  center  frequencies  from  a  few  tens  of  megahertz  to  several  gigahertz. 
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APPENDIX  A 

THE  SUM  OF  TWO  SINUSOIDS 


Given  two  sinusoidal  waves  and  y2  with  identical  frequencies, 

phase, 

y  ^  =  A  sin  ut 
y2  =  A  sin  ( u) t  -  $ ) 
the  resultant  sum  is 

y  =  yn  ♦  Yj  “  Ajsin  wt  ♦  sin  ( uit  - 

Using  the  trigonometric  identity 

sin  a  ♦  sin  b  »  2  cos  (-^y^)  sin  (^y^) 

Equation  (A.1)  can  be  rewritten  as 

w  =3  2A  cos  ( $/2 )  sin(ut  -  $/2) 

or 

y  ■  Ar  sin  (ut  -  <t>R) 


but  displaced  in 


(A.1) 


(A.2) 


(A.3) 


(A.4) 
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where  the  resultant  amplitude  AR  and  phase  $R  are  given  by 


Ar  -  2A  cos  (*/2)  and  *R  ■  4/2 

If  ip  is  the  phase  difference  between  two  transverse  modes  propagating  through  a  fiber 
then,  at  the  output  of  the  fiber,  +  is  in  general  non-zero.  Hence,  the  resultant 
amplitude  AR  is  less  than  2 A  (l.e.,  the  sum  of  the  amplitudes  of  the  two  sinusoids). 
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APPENDIX  B 


DERIVATION  OF  THE  OUTPUT  POWER  OF  A  CW  SIGNAL  PROPAGATING 

A  MULTIMODE  FIBER 

Given  the  input  power  of  the  signal 

P  j  n ( t  )  m  P  (1  ♦m  COS  a  t  ) 

and  the  response  function  of  the  fiber 

g(t)  -  ( 1  /  ( Y  L/O)  exp  (-t2/(Y2L2)} 

pout(t) is  then  given  by  the  convolution  of  g(t)  with  Pjn(t). 

-  C  pi„  <<-')  •<*)  "« 

or 

g» 

pout(t)  ■  /  pC  ♦  •"  cos  «(t-T) 

1/(Y  L  /7)  exp  (-t2/(Y2L2))  dt 


THROUGH 


(B.1) 


(B.2) 


(B.3) 
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pout(t)  a  L  ^  /  (1  ♦  m  cos  Q  ( t -t  ) ) 

•  CO 

exp  ( ~t 2/( y2L2 ) J  dt 

m 

Pout(t)  “  (P/Y  L  /7)  i  exp  C 2/(T2L2 ) )  dt 

00 

♦  (  Pm/  { y  L  <^w)  /  COS  a  (t-x)  exp  ( “t 2/ ( y2L2 ) )  dt 
—  00 

The  solution  of  the  first  integral  is 

(P/(Y  L  /7)J  (y  L  /IT)  -  P  (B.4) 

The  solution  to  the  second  integral  is 

00 

l.  Pn»/  ( Y  L  /y)J  /  cos  Q  (t-x)  exp  [ -t 2/ (  y2L  2 )  )  dt 

-  O0 

00 

=  (Pm/(Y  L  /*))  /  (cosat  cos  ax+sinat  sin  a  x)  exp  (-t2/(Y2L2))  dt 

•  00 

but 

]  sin  a  t  sin  ax  exp  ( "t 2/ ( y^L 2) )  dt  ■  0 
—  00 

00 

since  j  even  function  •  odd  function  ■  0 
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Hence  we  need  to  solve  only 


(Pm  cos  ut)/(y  L  /x)  /  cos  Q  t  exp 


( -t  2/(y2L2))  dt 


which  yields 


(Pm  cos  Qt)/(y  L  /x)  (y  L  /x)  exp ( -fi2 y2L2/4) 


(B.5) 


By  combining  solutions  to  the  two  integrals  in  Equations  (B.4)  and  (B.5),  the  output  power 
can  be  written  as 


APPkNUIX  C 


THE  CONVOLUTION  OF  A  GAUSSIAN  PULSE  WITH  A  GAUSSIAN  RESPONSE 

FUNCTION 


The  objective  in  Appendix  C  is  to  convolve  the  input  pulse  P  n  ( t ) 

2 

Pjn(t)  ■  p  (1  ♦  m  exp  (-at  )  cos  at) 

with  the  response  function  of  the  fiber  g(t). 
g(t)  »  (1/yL/T)  exp  (”t2/(Y2L2)) 


The  convolution  of  the  two  functions  is 

Po»t  <'>  -  I  Pi„  <«-*>  «(*>  <“ 

-  m 


pout(T)  -  p  /(yL/x)  /  (1  ♦  m  exp  (-a(t-T)2)  cos  8 ( t “x ) ) 

exp  (-t2/(Y2L2)J  dt 


(C.1) 


(C.2) 


(C.3) 


(C.4) 
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The  integral  can  be  separated 


Pout(T)  “  P  /  exP  (-t2/(T2L2))  dt  (C.5) 

-  m 

oo 

♦  P  /yL/h)  /  m  exp  (-a(t-x)2)  exp  ( -t 2/( y2L2 ) )  cos  8(t-x)  dt 

The  solution  of  the  first  integral  is 

00 

(P  /(yL/7)  /  exp  (-t2/(Y2L2))  dt  -  (P  /(yL/T)  (2YL/x/2)  (C.6) 
-00 

■  p 

Thus 

Pout“  p  l1  +  1/(yL/w))  /  m  exp(-o(t-x) 2)  exp  ( -t2/( y2L2) ) 

-00 

cos  U  (t-T)dt  (C.7) 

The  integral  in  Equation  (C.7)  can  be  solved  by  first  combining  the  exponential 
terms  given  by 

E  *  -a(t-x)2  -  t2/(Y2L2)  -  -a  (t2-2tx  ♦  x2)  -  t2/(y2L2) 

E  -  -  (at2  -  2at  x  ♦  ax2  ♦  t  2/ ( y2L  2 ) ) 

E  ■  -  t2  (o  ♦  1/(Y2L2))  "  2  at x  ♦  ax2 
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Setting  A 


2  2 

a  ♦  1/  (  y  L  )  and  completing  the  square  yields 


2  222  2  222 
E  ■  -A  (t  -  2ot  t/A  ♦  o  t/A  ♦  ot  /A  -  a  T  /A  ) 


-A  ((t-a  t/A)  ♦  ot  /A  - 


a  t  /A  J 


or 


2  2  2  2 

E  «  -A(t-oT/A)  -  aT  ♦  a  t  /A 


Let  C 


2 

-a  t 


♦  «V/A, 


then 


E  »  -A( t -ot/A) 2  ♦  C 


P  (  x )  can  now  be  rewritten  as 
out ' 


pout(T)  -  P  ♦  P(m  exp(C)/ ( yL/» ) )  /  exp  ( -A( t -ot/A) 2 ) 


cos  O(t-T)  dt 


(C.8) 
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Set  X  =  t  -  ot/A,  then  dX  a  dt  and  t  -  t  *  X  ♦  ot/A  -  r.  The  integral 
becomes 

00 

j  exp  { -A( t - at/A) 2 )  cos  fl(t-T)  dt 


=  j  exp  (-AX2)  cos  Q  (X  ♦  at/A  -  t)  dx 


=  J  exp(-AX2)  [cos  (2  X  cos  (2  t/(A(a-A))  -  sinflXsin  $2t/ [ A( a-A)  ] )  dX 
-  00 

ao  oo 

=  j  [exp  (-AX2)  cos  U  X  cos  (2  T/[A(a-A)]j  dx-  /  (exp  (-AX  )  sin 


sin  12  t/  l  A  (  a-A)  ]  J  dx 


The  integral  with  the  sine  functions  is  zero  because  f  even  function  •  odd 
function  dx  a  o.  Thus,  we  need  only  to  evaluate  the  integral  with  the  cosine  functions. 

0» 

J  exp  (-AX2)  cos  a  X  cos  Rt/(A  (a-A))  dX 
-  00 

ao 

a  cos  R  (a-A)  t/A  j  exp  (-AX2)  cos  QX  dX 

-00 

a(/*/  A)  cos  U  (t/A)  (a-A)  exp(-fl2/4A)  (C.9) 


OX 
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The  convolution  function  of  Equation  (C.8)  can  now  be  written  as 


Pout(t)  ■  p*((p  m)/(YL)  exp (C ) )  (1//A)  cosQ  ( t /a  )  ( a-A)  exp  ( -ft2/4A) 

(C.10) 


Evaluating  C,  ft  / 4A  and  t/(A(o-A))  yields 


2  2  2 

C  =  -at  /(err  l  ♦  1) 


2  2  2  2  2  2 
ft  /4A  =  (fl  T  L  )/(4ar  L  ♦  4) 


and 


t/A  (a  -  A)  «  -t/(ay2L2  ♦  1) 


where 


A  -  a  ♦  1/(y2L2) 


and  the  variable  t  was  replaced  by  t. 


Substituting  these  expressions  into  Equation  (C.10)  yields  the  final  expression  of  PQl|t  (t). 
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Hout(t)  =  P  (1  ♦  (m//cnr2L2*  1)  exp  ( ( -SJ2y2L2 )  /(4aY2L2  ♦  4)) 
exp  (-at2)/(aY2L2  +  D)  cos  Q  (1/(oy21-2  +  1))  t)  (C.11) 


where  a  and  y  are  constants.  Equation  (C.11)  can  be  simplified  by  writing 

m'  =  (m/Say2L2  +  1)  exp  ( -02y2!-2  )/( 4aY2L2  +  4) 

U'  =  41/ (  «y2L2  +  1) 
a'  =  a/(aY2L2  ♦  1) 


Hence  pout(t)  becomes 

Pout(t)  =  p  C1  +  m'  exP  (“a'*2)  cos  W't)  (C.12) 
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r 


No.  of 

Convolutions 

U' 

a' 

1 

a/UY2L2>  i) 

«/(aY2L2+  1) 

2 

U/(2oy2L2*  1) 

o/(2aY2L2  *  1 

3 

«/(3oy2L2  ♦  1) 

ci/(3oy21-2+  1) 

N 

11/ (N  oy2L2  ♦  1) 

a/(N  aY2L2+  1 
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